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Concept-Study Guide Problems 

2.1 

Make a control volume around the turbine in the steam power plant in Fig. 1.1 and 
list the flows of mass and energy that are there. 

Solution; 

We see hot high pressure steam flowing in 
at state 1 from the steam drum through a 
flow control (not shown). The steam leaves 
at a lower pressure to the condenser (heat 
exchanger) at state 2. A rotating shaft gives 
a rate of energy (power) to the electric 
generator set. 
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Make a control volume around the whole power plant in Figure 1.2 and with the help 
of Fig. 1.1 list what flows of mass and energy are in or out and any storage of 
energy. Make sure you know what is inside and what is outside your chosen C.V. 

Solution: 



Combustion air 


Underground ^electrical 


power cable 

District heating 
Cold return 


Hot water < 












Flue gas 

A 


m 


m 


m 


Storage for later 
transport out: 

Gypsum, fly ash, slag 


m 


Coal 


m<p 


I 
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Make a control volume that includes the steam flow around in the main turbine loop 
in the nuclear propulsion system in Fig. 1.3. Identify mass flows (hot or cold) and 
energy transfers that enter or leave the C.V. 


Solution: 


1 Hot steam from generator 1 



Cooling by seawaterr 


The electrical power 
also leaves the C.V. 
to be used for lights, 
instruments and to 
charge the batteries. 
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Take a control volume around your kitchen refrigerator and indicate where the 
components shown in Figure 1.6 are located and show all flows of energy transfer. 

Solution: 


The valve and the 
cold line, the 
evaporator, is 
inside close to the 
inside wall and 
usually a small 
blower distributes 
cold air from the 
freezer box to the 
refrigerator room. 




The black grille in 
the back or at the 
bottom is the 
condenser that 
gives heat to the 
room air. 

The compressor 
sits at the bottom. 
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An electric dip heater is put into a cup of water and heats it from 20®C to 80®C. 
Show the energy flow(s) and storage and explain what changes. 


Solution: 

Electric power is converted in the heater 
element (an electric resistor) so it becomes 
hot and gives energy by heat transfer to 
the water. The water heats up and thus 
stores energy and as it is warmer than the 
cup material it heats the cup which also 
stores some energy. The cup being 
warmer than the air gives a smaller 
amount of energy (a rate) to the air as a 
heat loss. 



^electric 
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Separate the list P, F, V, v, p, T, a, m, L, t and V into intensive, extensive and non¬ 
properties. 

Solution: 

Intensive properties are independent upon mass: P, v, p, T 
Extensive properties seales with mass: V, m 

Non-properties: F, a, L, t, V 


Comment: You eould elaim that aeceleration a and veloeity V are physioal 
properties for the dynamio motion of the mass, but not thermal properties. 
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An escalator brings four people of total 300 kg, 25 m up in a building. Explain what 
happens with respect to energy transfer and stored energy. 

Solution; 


The four people (300 kg) have their 
potential energy raised, which is how 
the energy is stored. The energy is 
supplied as electrical power to the 
motor that pulls the escalator with a 
cable. 
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Water in nature exist in different phases like solid, liquid and vapor (gas). Indicate 
the relative magnitude of density and specific volume for the three phases. 

Solution: 

Values are indicated in Figure 2.7 as density for common substances. More 
accurate values are found in Tables A.3, A.4 and A.5 

Water as solid (ice) has density of around 900 kg/m 

Water as liquid has density of around 1000 kg/m 

Water as vapor has density of around 1 kg/m (sensitive to P and T) 
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2.9 

Is density a unique measure of mass distribution in a volume? Does it vary? If so, on 
what kind of seale (distanee)? 

Solution; 

Density is an average of mass per unit volume and we sense if it is not evenly 
distributed by holding a mass that is more heavy in one side than the other. 
Through the volume of the same substanee (say air in a room) density varies only 
little from one location to another on scales of meter, cm or mm. If the volume 
you look at has different substances (air and the furniture in the room) then it can 
change abruptly as you look at a small volume of air next to a volume of 
hardwood. 

Finally if we look at very small scales on the order of the size of atoms the density 
can vary infinitely, since the mass (electrons, neutrons and positrons) occupy very 
little volume relative to all the empty space between them. 
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2.10 

Density of fibers, rock wool insulation, foams and cotton is fairly low. Why is that? 
Solution; 

All these materials consists of some solid substance and mainly air or other gas. 
The volume of fibers (clothes) and rockwool that is solid substance is low 
relative to the total volume that includes air. The overall density is 

_ m _ ^solid ^ ^air 

P ■ V “ + v,i, 

where most of the mass is the solid and most of the volume is air. If you talk 
about the density of the solid only, it is high. 



4 
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2.11 

How much mass is there approximately in 1 L of mercury (Hg)? Atmospheric air? 
Solution: 

A volume of 1 L equals 0.001 m , see Table A.l. From Figure 2.7 the density is 
in the range of 10 000 kg/m so we get 

m = pV = 10 000 kg/m^ x 0.001 m^ = 10 kg 
A more accurate value from Table A.4 is p = 13 580 kg/m . 

For the air we see in Figure 2.7 that density is about 1 kg/m so we get 

m = pV = 1 kg/m^ X 0.001 m^ = 0,001 kg 

A more accurate value from Table A.5 is p = 1.17 kg/m^ at 100 kPa, 25®C. 
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2.12 

Can you carry 1 of liquid water? 

Solution: 

The density of liquid water is about 1000 kg/m from Figure 2.7, see also Table 
A.3. Therefore the mass in one cubic meter is 

m = pV = 1000 kg/m^ x 1 m^ = 1000 kg 
and we can not carry that in the standard gravitational field. 


2.13 

A manometer shows a pressure difference of 1 m of liquid mereury. Find AP in kPa. 
Solution: 

Hg : L = 1 m; p = 13 580 kg/m^ from Table A.4 (or read Fig 2.7) 

The pressure difference AP balanees the column of height L so from Eq.2.2 

AP = p g L = 13 580 kg/m^ x 9.80665 m/s^ x 1.0 m x 10’^ kPa/Pa 

= 133.2 kPa 
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2.14 

Yon dive 5 m down in the ocean. What is the absolute pressure there? 
Solution; 


The pressure difference for a column is from Eq.2.2 and the density of water is 
from Table A.4. 


AP = pgH 

= 997 kg/m^ X 9.81 m/s^ x 5 m 
= 48 903 Pa = 48.903 kPa 

p = p + Ap 

^ocean ^0 

= 101.325 + 48.903 

= 150 kPa 
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2.15 

What pressure difference does a 10 m column of atmospheric air show? 
Solution: 

The pressure difference for a column is from Eq.2.2 

AP = pgH 

So we need density of air from Fig.2.7, p = 1.2 kg/m 

AP = 1.2 kg/m^ X 9.81 ms‘^ x 10 m = 117.7 Pa = 0.12 kPa 
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2.16 

The pressure at the bottom of a swimming pool is evenly distributed. Suppose we 

look at a cast iron plate of 7272 kg lying on the ground with an area of 100 m^. What 
is the average pressure below that? Is it just as evenly distributed? 

Solution; 

The pressure is force per unit area from page 25: 

P = F/A = mg/A = 7272 kg x (9.81 m/s^) / 100 m^ = 713.4 Pa 

The iron plate being cast can be reasonable plane and flat, but it is stiff and rigid. 
However, the ground is usually uneven so the contact between the plate and the 

ground is made over an area much smaller than the 100 m^. Thus the local 
pressure at the contact locations is much larger than the quoted value above. 

The pressure at the bottom of the swimming pool is very even due to the ability of 
the fluid (water) to have full contact with the bottom by deforming itself. This is 
the main difference between a fluid behavior and a solid behavior. 




Iron plate 
Ground 
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2.17 

A laboratory room keeps a vaeuum of 0.1 kPa. What net foree does that put on the 
door of size 2 m by 1 m? 

Solution: 

The net foree on the door is the difference between the forces on the two sides as 
the pressure times the area 


“ ^outside ^ ~ ^inside A = AP A = 0.1 kPa x 2 m x 1 m = 200 N 


Remember that kPa is kN/m^. 



^abs ^0 ■ 
AP = 0.1 kPa 
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2.18 

A tornado rips off a 100 roof with a mass of 1000 kg. What is the minimum 
vacuum pressure needed to do that if we neglect the anchoring forces? 

Solution: 


The net force on the roof is the difference between the forces on the two sides as 
the pressure times the area 


^ ~ ^inside ^ ~ ^outside-^ ~ ^ 

That force must overcome the gravitation mg, so the balance is 

AP A = mg 

AP = mg/A = (1000 kg x 9.807 m/s^ )/100 m^ = 98 Pa = 0,098 kPa 


Remember that kPa is kN/m^. 
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2.19 

What is a temperature of-5”C in degrees Kelvin? 


Solution; 


The offset from Celsius to Kelvin is 273.15 K, 
so we get 

Tk = Tc + 273.15 = -5 + 273.15 

= 268.15 K 
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What is the smallest temperature in degrees Celsuis you ean have? Kelvin? 
Solution; 


The lowest temperature is absolute zero which is 
at zero degrees Kelvin at which point the 
temperature in Celsius is negative 

Tk = 0K =-273.15 
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.21 

Density of liquid water is p = 1008 - T/2 [kg/m^] with T in ®C. If the temperature 
inereases 10®C how much deeper does aim layer of water become? 

Solution: 

The density change for a change in temperature of 10®C becomes 

Ap = - AT/2 = -5 kg/m^ 
from an ambient density of 

p = 1008 - T/2 = 1008 - 25/2 = 995.5 kg/m^ 

Assume the area is the same and the mass is the same m = pV = pAH, then we 
have 

Am = 0 = VAp + pAV ^ AV = - VAp/p 


and the change in the height is 


AH A V o 995.5 0*005 m 



barely measurable. 
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2.22 

Convert the formula for water density in problem 21 to be for T in degrees Kelvin. 
Solution: 

p= 1008-Tc/2 [kg/m3] 

We need to express degrees Celsius in degrees Kelvin 

Tc = Tk- 273.15 
and substitute into formula 

p= 1008-Tc/2= 1008 -(Tk-273.15)/2= 1144.6-Tk/2 
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Properties and units 
2.23 

A steel cylinder of mass 2 kg contains 4 L of liquid water at 25°C at 200 kPa. 
Find the total mass and volume of the system. List two extensive and three 
intensive properties of the water 

Solution: 


Density of steel in Table A. 3: 
Volume of steel: 


p = 7820 kg/m^ 

, 2 kg 

V - m/p - kg/m3 


= 0.000 256 m3 


Density of water in Table A.4: p = 997 kg/m3 

Mass of water: m = pV = 997 kg/m3 x0.004 m3 = 3.988 kg 


Total mass: 
Total volume: 


m = nisteei + m^ater = 2 + 3.988 = 5,988 kg 
V = = 0.000 256 + 0.004 

= 0.004 256 m3 = 4,26 L 
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2.24 

An apple “weighs” 80 g and has a volume of 100 em^ in a refrigerator at 8”C. 
What is the apple density? List three intensive and two extensive properties of the 
apple. 

Solution; 


m 0,08 kg kg 

0.0001 


Intensive 


kg 

p = 800 ; 

m 

T= 8°C; 


v = —=0.001 25 
P 

P= 101 kPa 



Extensive 

m = 80 g = 0.08 kg 

V =100 cm3 = 0.1 L = 0.0001 m^ 
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2.25 


One kilopond (1 kp) is the weight of 1 kg in the standard gravitational field. How 
many Newtons (N) is that? 


F = ma = mg 

1 kp = 1 kg X 9.807 m/s2 = 9.807 N 
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2.26 

A pressurized steel bottle is charged with 5 kg of oxygen gas and 7 kg of nitrogen 
gas. How many kmoles are in the bottle? 


Table A2 ; Mq 2 = 31.999 ; 

, 5 

^02 “ “^02 ' ^02 “ 31.999 “ 

7 

^02 ^ ’^N2 / ^N2 ^ 28.013 ^ 


M^2 =28.013 

0.15625 kmol 
0.24988 kmol 


^tot ^ ^02 ’^N2 ^ 0-15625 + 0.24988 = 0,406 kmol 
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Force and Energy 

2.27 

The “standard” acceleration (at sea level and 45° latitude) due to gravity is 

9.80665 m/s^. What is the force needed to hold a mass of 2 kg at rest in this 
gravitational field ? How much mass can a force of 1 N support ? 

Solution: 


ma = 0 = ZF = F- mg 
F = mg = 2 X 9.80665 = 19.613 N 

F = mg => 

m = F/g = 1 / 9.80665 = 0.102 kg 
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2.28 

A force of 125 N is applied to a mass of 12 kg in addition to the standard 
gravitation. If the direction of the force is vertical up find the acceleration of the 
mass. 


Solution: 

X 
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2.29 

A model car rolls down an incline with a slope so the gravitational “pull” in the 
direction of motion is one third of the standard gravitational force (see Problem 
2.1). If the car has a mass of 0.45 kg find the acceleration. 

Solution: 


ma = Z F = mg / 3 
a = mg / 3m = g/3 

= 9.80665 / 3 = 3.27 m/s^ 


This acceleration does not depend on the mass of the model car. 
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2.30 

When you move up from the surface of the earth the gravitation is reduced as g = 

9.807 - 3.32 X 10"^ z, with z as the elevation in meters. How many percent is the 
weight of an airplane reduced when it cruises at 11 000 m? 

Solution: 


gQ= 9.807 ms'^ 

gpj = 9.807 - 3.32 X 10'^ x 11 000 = 9.7705 ms'^ 

Wo= mg^ ; Wh= mgpj 

9 7705 

= gH/g„= 0.9963 

Reduction = 1 - 0.9963 = 0.0037 or 0.37% 
i.e. we can neglect that for most application 
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2.31 

A car drives at 60 km/h and is brought to a full stop with constant deceleration in 
5 seconds. If the total car and driver mass is 1075 kg find the necessary force. 

Solution: 


Acceleration is the time rate of change of velocity. 

^dV _ 60 X 1000 

^ “ dt “ 3600 X 5 


= 3.333 m/s^ 


ma = Z F ; 

Fnet = ma = 1075 kg x 3.333 m/s^ = 3583 N 
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2.32 

A car of mass 1775 kg travels with a velocity of 100 km/h. Find the kinetic 
energy. How high should it be lifted in the standard gravitational field to have a 
potential energy that equals the kinetic energy? 


Solution: 


Standard kinetic energy of the mass is 

KIN = 1/2 m V2 = 1/2 X 1775 kg X 


r 


V 


100 X 100 0 

3600 


^2 


m^/s^ 


J 


= 1/2 X 1775 X 27.778 Nm = 684 800 J 

= 684.8 kJ 


Standard potential energy is 


POT = mgh 
h = V 2 m / 


684 800 


mg 


1775 X 9.807 


= 39.3 m 
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2.33 

A 1200-kg car moving at 20 km/h is accelerated at a constant rate of 4 m/s^ up to 
a speed of 75 km/h. What are the foree and total time required? 

Solution: 


dV AV 

^ “ dt “ At 



^ ^ (75 -20) 1000 
a 3600 X 5 


3.82 sec 


F = ma = 1200 kg x 4 m/s^ = 4800 N 
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2.34 


A steel plate of 950 kg aeeelerates from rest with 3 m/s^ for a period of 10s. What 
force is needed and what is the final velocity? 

Solution: 


Constant acceleration can be integrated to get velocity. 


a = 


dV 

dt 


=> j dV = j a dt => AV = a At 


AV = a At = 3 m/s^ x 10 s = 30 m/s 

=> V = 30 m/s 

F = ma = 950 kg x 3 m/s^ = 2850 N 
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2.35 

A 15 kg steel eontainer has 1.75 kilomoles of liquid propane inside. A foree of 2 
kN now accelerates this system. What is the acceleration? 

Solution: 

The molecular weight for propane is M = 44.094 from Table A.2. The force 
must accelerate both the container mass and the propane mass. 


m = msteel + ^propane = 15 + (1.75 x 44.094) = 92.165 kg 


ma = Z F 


a = Z F / m 


2000 N __ 
a = = 21,7 m/s^ 


92.165 kg 
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2.36 

A bucket of concrete of total mass 200 kg is raised by a crane with an acceleration 
of 2 m/s^ relative to the ground at a location where the local gravitational 
acceleration is 9.5 m/s^. Find the required force. 


Solution; 


F = ma = Fyp - mg 

Fup = ma + mg = 200 ( 2 + 9.5 ) = 2300 N 







Sonntag, Borgnakke and van Wylen 


2.37 

On the moon the gravitational aeeeleration is approximately one-sixth that on the 
surfaee of the earth. A 5-kg mass is “weighed” with a beam balanee on the 
surfaee on the moon. What is the expeeted reading? If this mass is weighed with a 
spring seale that reads eorrectly for standard gravity on earth (see Problem 2.1), 
what is the reading? 

Solution: 

Moon gravitation is: g = ggarth^^ 



Beam Balance Reading is 5 kg Spring Balance Reading is in kg units 
This is mass comparison Force comparison length oc F oc g 

5 

Reading will be ^ kg 
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Specific Volume 


2.38 

A 5 m3 container is filled with 900 kg of granite (density 2400 kg/m^ ) and the 
rest of the volume is air with density 1.15 kg/m^. Find the mass of air and the 
overall (average) specific volume. 

Solution: 


i^air P V Pair ( VfQt 


^granite 

P 



900 

= 1.15 [5-^^] = 1.15 X 4.625 = 5.32 kg 

' = m = 900 + 5.32 = 52 m^/kg 

Comment: Beeause the air and the granite are not mixed or evenly distributed in 
the eontainer the overall speeific volume or density does not have mueh meaning. 
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2.39 

A tank has two rooms separated by a membrane. Room A has 1 kg air and volume 

0.5 m^, room B has 0.75 m^ air with density 0.8 kg/m^. The membrane is broken 
and the air comes to a uniform state. Find the final density of the air. 

Solution; 

Density is mass per unit volume 
m = m^ + mg = m^ + pgVg = 1 + 0.8 x 


V = Va + Vg = 0.5 + 0.75 = 1.25 m^ 

m 1.6 , T 

P = V = = 1-28 kg/m-’ 


0.75 = 1.6 kg 
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2.40 

A 1 container is filled with 400 kg of granite stone, 200 kg dry sand and 0.2 

of liquid 25°C water. Use properties from tables A.3 and A.4. Find the 
average speeifie volume and density of the masses when you exelude air mass and 
volume. 

Solution; 


Speeifie volume and density are ratios of total mass and total volume. 

m,. =V,./v,. =V,. Pi- = 0.2 X 997 = 199.4 kg 

hq liq liq liq '^liq ° 

nu,^.p =ni. +m j + m,. =400 + 200+ 199.4 = 799.4 kg 

iOl stone sand liq ® 

V^tone ^ ^ ^ 2750 = 0.1455 m^ 

V^and ^ ^ ^ ^ 0.1333 m^ 

= +V . + v,. 

TOT stone sand liq 

= 0.1455 + 0.1333 + 0.2 = 0.4788 m^ 



V = / m.pQ.p = 0.4788/799.4 = 0.000599 m^/kg 

p = 1/v = m.j.Q.j./V.pQ.p = 799.4/0.4788 = 1669.6 kg/m^ 


‘^Oo 
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2.41 

A 1 container is filled with 400 kg of granite stone, 200 kg dry sand and 0.2 

of liquid 25°C water. Use properties from tables A.3 and A.4 and use air 

density of 1.1 kg/m^. Find the average specific volume and density of the 1 m^ 
volume. 

Solution; 

Speeifie volume and density are ratios of total mass and total volume. 


V. = mv = m/p = 400/2750 = 0.1455 m^ 

stone ^ 

V .= mv = m/p = 200/ 1500 = 0.1333 m^ 

sand 

V . =Vt,ot-V , -V .-V,. 

air TOT stone sand liq 

= 1- 0.1455 - 0.1333 - 0.2 = 0.5212 m^ 



m . = V ./v . = V . p . = 0.5212 x 1.1 = 0.573 kg 

air air air air ^ air ® 

m,. = V,. /v,. = V,. p,. = 0.2 X 997 = 199.4 kg 

liq liq liq liq ^liq ® 

=m^ +m , + m,. +m. 

TOT stone sand liq air 

= 400 + 200 + 199.4 + 0.573 « 800 kg 

V = V.pQ.p / = 1/800 = 0,00125 m^/kg 

p = 1/v = m.pQ.p/V.j.Q.j. = 800/1 = 800 kg/m^ 


C'Oo 
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2,42 

One kilogram of diatomic oxygen (O 2 molecular weight 32) is contained in a 500- 
L tank. Find the specific volume on both a mass and mole basis (v and v ). 


Solution: 


From the definition of the specific volume 

V = — = ^ = 0.5 m^/kg 

ml ^ 

V = ~ = = M V = 32 X 0.5 = 16 m^/kmol 

n m/M 
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2.43 

A 15-kg steel gas tank holds 300 L of liquid gasoline, having a density of 800 
kg/m^. If the system is deeelerated with 6 m/s^ what is the needed foree? 


Solution; 


= “'tank + '“gasoline 

= 15 kg + 0.3 X 800 kg/m 
= 255 kg 

F = ma = 255 kg x 6 m/s^ 



= 1530 N 
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Pressure 


2.44 

A hydraulic lift has a maximum fluid pressure of 500 kPa. What should the 
piston-eylinder diameter be so it ean lift a mass of 850 kg? 

Solution: 

With the piston at rest the static force balanee is 

fT = P A = Fn 1< = mg 
A = = n D^/4 

PA = P TT d 2/4 = mg ^ d2 = ^ 

° P 71 




850 X 9.807 
500 71 X 1000 


= 0,146 m 


















Sonntag, Borgnakke and van Wylen 


A piston/cylinder with cross sectional area of 0.01 has a piston mass of 100 kg 
resting on the stops, as shown in Fig. P2.45. With an outside atmospheric pressure 
of 100 kPa, what should the water pressure be to lift the piston? 

Solution; 

The force acting down on the piston comes from gravitation and the 
outside atmospherie pressure acting over the top surface. 


Foree balance; fT = FnI = PA = m^g + P^A 

Now solve for P (divide by 1000 to convert to kPa for term) 



100kPa + 


100 X 9.80665 

0.01 X 1000 



= 100 kPa + 98.07 kPa = 198 kPa 


Water 
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2.46 

A vertical hydraulic cylinder has a 125-mm diameter piston with hydraulic fluid 
inside the cylinder and an ambient pressure of 1 bar. Assuming standard gravity, 
find the piston mass that will create a pressure inside of 1500 kPa. 

Solution; 

Force balance: 

Ft = PA = = PqA + mpg; 

Pq = 1 bar = 100 kPa 

A = (7r/4) = (7r/4) x 0.125^ = 0.01227 n? 

A 0 01227 

mp = (P - Pq) - = ( 1500 - 100 ) X 1000 x 1752 kg 
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2.47 

A valve in a cylinder has a cross sectional area of 11 cm^ with a pressure of 735 
kPa inside the cylinder and 99 kPa outside. How large a force is needed to open 
the valve? 



= P. A-P 

in 


out 



= (735 - 99) kPa x 11 cm^ 
= 6996 kPa cm^ 

= 6996 X X 10'^ 

= 700N 
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2.48 

A cannon-ball of 5 kg acts as a piston in a cylinder of 0.15 m diameter. As the 
gun-powder is burned a pressure of 7 MPa is ereated in the gas behind the ball. 
What is the acceleration of the ball if the cylinder (cannon) is pointing 
horizontally? 

Solution; 

The eannon ball has 101 kPa on the side facing the atmosphere, 
ma = F = Pi xA-PoxA = (Pi - Pq ) x A 

= (7000 - 101) kPa X tt ( 0.15^ /4 ) m^ = 121.9 kN 



121.9 kN 
5 kg 


= 24 380 m/s2 
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2.49 

Repeat the previous problem for a cylinder (cannon) pointing 40 degrees up 
relative to the horizontal direction. 

Solution; 

ma = F = ( Pi - Pq ) A - mg sin 40^ 

ma = (7000 - 101 ) kPa x x ( 0.15^ / 4 ) m^ - 5 x 9.807 x 0.6428 N 
= 121.9 kN-31.52 N = 121.87 kN 
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2.50 

A large exhaust fan in a laboratory room keeps the pressure inside at 10 em water 
relative vaeuum to the hallway. What is the net foree on the door measuring 1.9 m 
by 1.1 m? 

Solution: 


The net force on the door is the difference between the forces on the two sides as 
the pressure times the area 


F = P 


outside 


A-P 


inside 


A = AP X A 


= 10 cmH 2 O X 1.9 mx 1.1 m 


= 0.10 X 9.80638 kPa x 2.09 m^ 

= 2049N 


Table A.l: 1 m H 2 O is 9.80638 kPa and kPa is kN/m^. 
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2.51 

What is the pressure at the bottom of a 5 m tall column of fluid with atmospheric 
pressure 101 kPa on the top surface if the fluid is 

a) water at 20°C b) glycerine 25°C or c) light oil 

Solution; 

Table A.4; Ph 20 = 997 kg/m^; poiyc = 1260 kg/m^; pon = 910 kg/m^ 

AP = pgh P = Pj^p + AP 


a) AP = pgh = 997x 9.807x 5 = 48887.9 Pa 

P= 101 +48.99 = 149.9 kPa 

b) AP = pgh = 1260x 9.807x 5 = 61784 Pa 

P= 101 +61.8 = 162.8 kPa 

c) AP = pgh = 910x 9.807x 5 = 44622 Pa 

P= 101 + 44.6 = 145.6 kPa 
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2.52 

The hydraulic lift in an auto-repair shop has a cylinder diameter of 0.2 m. To what 
pressure should the hydraulic fluid be pumped to lift 40 kg of piston/arms and 700 
kg of a car? 

Solution; 

Force acting on the mass by the gravitational field 

= ma = mg = 740 x 9.80665 = 7256.9 N 
Ft = ( P - Pq ) A = F^ => P = Pq + Ft / A 

A = 7iD2(1 /4) = 0.031416m2 

P = 101 + 7256.9 / (0.031416 x 1000) = 332 kPa 


Force balance; 

















Sonntag, Borgnakke and van Wylen 


2.53 

A 2.5 m tall steel eylinder has a eross seetional area of 1.5 m^. At the bottom with 
a height of 0.5 m is liquid water on top of whieh is a 1 m high layer of gasoline. 
The gasoline surface is exposed to atmospheric air at 101 kPa. What is the highest 
pressure in the water? 

Solution: 


The pressure in the fluid goes up with the 
depth as 


P = ^top + = Ptop + Pgh 

and since we have two fluid layers we get 



^top + [(Ph)gasoline + ^P^) water^ ^ 


The densities from Table A.4 are: 




Air 



Gasoline 



Water 







gasoline 


= 750 kg/m^; 


p . = 997 kg/m^ 

^ water ® 


P= 101 + [750 X 1 + 997 X 0.5] 


9.807 

1000 


= 113.2 kPa 
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2.54 

At the beach, atmospheric pressure is 1025 mbar. You dive 15m down in the 
ocean and you later climb a hill up to 250 m elevation. Assume the density of 

water is about 1000 kg/m and the density of air is 1.18 kg/m . What pressure do 
you feel at each place? 

Solution: 

AP = pgh 

Pn + AP = 1025 X 100 + 1000 X 9.81 X 15 

OCCall U 

= 2.4965 X 10^ Pa = 250kPa 
Phiii = Pq - AP = 1025 X 100 - 1.18 X 9.81 x 250 

= 0.99606 X 10^ Pa = 99.61 kPa 
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2.55 


A piston, mp= 5 kg, is fitted in a cylinder, ^4 = 15 cm^, that contains a gas. The 
setup is in a centrifuge that creates an acceleration of 25 m/s^ in the direction of 
piston motion towards the gas. Assuming standard atmospheric pressure outside 
the cylinder, find the gas pressure. 


Solution; 


Force balance; 


Ft = = PqA + 


mpg = PA 



= 101.325 + 


5 x25 


kPa kg m/s^ 


1000 x 0.0015 Pa m2 


= 184.7 kPa 
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2.56 

A steel tank of eross seetional area 3 and 16m tall weighs 10 000 kg and it is 
open at the top. We want to float it in the ocean so it sticks 10 m straight down by 
pouring concrete into the bottom of it. How much concrete should I put in? 

Solution; 


The force up on the tank is from the water 
pressure at the bottom times its area. The 
force down is the gravitation times mass and 
the atmospheric pressure. 

Ft= PA = (p gh + PAA 

ocean® 0^ 

= (“'tank + '“concrete)g + ^0^ 

The force balance becomes 


I 




10m 


T 


Air 


Concrete 


Ocean 


fT = Fn 1< = (p gh + Pr,)A = (m. . + m . )g + PnA 

^■^ocean® 0"^ tank concrete"^® 0 


Solve for the mass of concrete 


m t ^ (P hA-m. .) = 997 x 10 x3 

concrete '-'^ocean tank"^ 


10 000 = 19 910 kg 


Notice; The first term is the mass of the displaced ocean water. The net force 

up is the weight (mg) of this mass called bouyancy, Pq cancel. 
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2.57 

Liquid water with density p is filled on top of a thin piston in a eylinder with 
eross-seetional area A and total height H. Air is let in under the piston so it pushes 
up, spilling the water over the edge. Deduee the formula for the air pressure as a 
funetion of the piston elevation from the bottom, h. 


Solution: 

Po 





Foree balance 
Piston: fT = Fn1< 

PA = PqA + mj^^Qg 

P =Pj, + (H-h)pg 
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Manometers and Barometers 


2.58 

The density of atmospherie air is about 1.15 kg/m , whieh we assume is eonstant. 
How large an absolute pressure will a pilot see when flying 1500 m above ground 
level where the pressure is 101 kPa. 

Solution; 

Assume g and p are eonstant then the pressure differenee to earry a 
eolumn of height 1500 m is from Fig.2.10 


AP = pgh= 1.15 kg/m^ x 9.807 ms"^ x 1500 m 
= 16 917 Pa = 16.9 kPa 

The pressure on top of the column of air is then 

P = Pq - AP = 101 - 16.9 = 84.1 kPa 
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2.59 

A differential pressure gauge mounted on a vessel shows 1.25 MPa and a local 
barometer gives atmospheric pressure as 0.96 bar. Find the absolute pressure 
inside the vessel. 

Solution; 

Convert all pressures to units of kPa. 

P„^„„^ = 1.25 MPa = 1250 kPa; 

gd-UgC 

Pq = 0.96 bar = 96 kPa 
P = Pgauge + Pq = 1250 + 96 = 1346 kPa 
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2.60 

Two vertical cylindrical storage tanks are full of liquid water, density 1000 
kg/m3, the top open to the atmoshere. One is 10 m tall, 2 m diameter, the other is 
2.5 m tall with diameter 4 m. What is the total force from the bottom of each tank 
to the water and what is the pressure at the bottom of each tank? 


Solution; 

VA = Hx7rD2x(l/4)= 10x7rx22x( 1/4) = 31.416 m3 

Vb = H X tzD^ X (1 / 4) = 2.5 x7rx4^x(l/4) = 31.416 m3 

Ta nk s have the same volume, so same mass of water gives gravitational force 

F = mg = pVg = 1000 X 31.416 x 9.80665 = 308 086 N 

this is the force the legs have to supply (assuming below the bottom). Tanks 
have total force up from bottom as 

FtotA = F + PoA = 308 086+ 101325 x 3.1416 = 626 408 N 
Ftot B = F + PqA = 308 086+ 101325 x 12.5664 = 1 581 374 N 

Pbot = Pq + P H g 

Pbot A = 101 + (1000 X 10 X 9.80665 / 1000) = 199 kPa 
Pbot B = 101 + (1000 X 2.5 X 9.80665 / 1000) = 125.5 kPa 
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2.61 

Blue manometer fluid of density 925 kg/m^ shows a column height difference of 
6 cm vacuum with one end attached to a pipe and the other open to Pq = 101 kPa. 

What is the absolute pressure in the pipe? 


Solution; 


Since the manometer shows a vacuum we have 

P = p . AP 

^PIPE ^0 

AP =pgh = 925 X 9.807 x 0.06 
= 544.3 Pa = 0.544 kPa 
Ppipg = 101 - 0.544 = 100.46 kPa 
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2.62 

The absolute pressure in a tank is 85 kPa and the loeal ambient absolute pressure 
is 97 kPa. If a U-tube with mereury, density 13550 kg/m^, is attaehed to the tank 
to measure the vaeuum, what column height difference would it show? 

Solution; 


^P = Po-Ptank = PgH 

H ( ^0 ■ ^tank ) / Pg = [(97 - 85 ) x 1000 ] / (13550 x 9.80665) 

= 0,090 m = 90 mm 
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2.63 

The pressure gauge on an air ta nk shows 75 kPa when the diver is 10 m down in 
the oeean. At what depth will the gauge pressure be zero? What does that mean? 


Ocean H 2 O pressure at 10 m depth is 


P H20 - Po + pLg - 101.3 + 


997 X 10 X 9.80665 

1000 


= 199 kPa 


Air Pressure (absolute) in tank 
Ptank= 199 + 75 =274 kPa 

Tank Pressure (gauge) reads zero at H 2 O local pressure 


274= 101.3 + 


997 X 9.80665 
1000 



L = 17.66 m 

At this depth you will have to suck the 
air in, it can no longer push itself 
through a valve. 
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2.64 

A submarine maintains 101 kPa inside it and it dives 240 m down in the ocean 

having an average density of 1030 kg/m . What is the pressure difference 
between the inside and the outside of the submarine hull? 

Solution: 

Assume the atmosphere over the ocean is at 101 kPa, then AP is from the 
240 m column water. 

AP = pLg = (1030 kg/m^ x 240 m x 9.807 m/s^) / 1000 = 2424 kPa 
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2.65 

A barometer to measure absolute pressure shows a mereury eolurnn height of 725 

mm. The temperature is sueh that the density of the mereury is 13 550 kg/m . 
Find the ambient pressure. 

Solution: 

Hg : L = 725 mm = 0.725 m; p = 13 550 kg/m^ 

The external pressure P balanees the eolurnn of height L so from Fig.2.10 

P = p L g = 13 550 kg/m^ x 9.80665 m/s^ x 0.725 m x 10'^ kPa/Pa 

= 96.34 kPa 
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2.66 

An absolute pressure gauge attached to a steel cylinder shows 135 kPa. We want 
to attach a manometer using liquid water a day that =101 kPa. How high a 

fluid level difference must we plan for? 

Solution; 


Since the manometer shows a pressure difference we have 


AP = Pcyl-P 

L =AP/pg = 


atm P L S 

(135-101)kPa 
997 kg m'^ X 10 X 9.807 m/s^ 


1000 Pa 
kPa 


= 3,467 m 
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2.67 

The difference in height between the columns of a manometer is 200 mm with a 
fluid of density 900 kg/m^. What is the pressure difference? What is the height 
difference if the same pressure difference is measured using mercury, density 
13600 kg/ m3, as manometer fluid? 

Solution: 


AP = pjghj = 900 kg/m^ x 9.807 m/s^ x 0.2 m = 1765.26 Pa = 1.77 kPa 


^Hg = (Phg g) = (Pi ghi) / (Phg g) = 


900 

X 0.2 = 0.0132 m= 13.2 mm 
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2.68 

An exploration submarine should be able to go 4000 m down in the oeean. If the 

ocean density is 1020 kg/m what is the maximum pressure on the submarine 
hull? 

Solution: 

AP = pLg = (1020 kg/m^ x 4000 m x 9.807 m/s^) / 1000 
= 40 012kPa«40 MPa 
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2.69 

Assume we use a pressure gauge to measure the air pressure at street level and at 
the roof of a tall building. If the pressure difference can be determined with an 
accuracy of 1 mbar (0.001 bar) what uncertainty in the height estimate does that 
corresponds to? 

Solution; 


pjjir = 1.169 kg/m^ from Table A.5 
AP = 0.001 bar = 100 Pa 


AP 
L = — 
Pg 


100 

1.169 X 9.807 


= 8.72 m 
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2.70 

A U-tube manometer filled with water, density 1000 kg/m^, shows a height 
differenee of 25 cm. What is the gauge pressure? If the right branch is tilted to 
make an angle of 30° with the horizontal, as shown in Fig. P2.70, what should the 
length of the column in the tilted tube be relative to the U-tube? 

Solution: 

Same height in the two sides in the direction of g. 



AP = F/A = mg/A = Vpg/A = hpg 
= 0.25 X 1000 X 9.807 = 2452.5 Pa 

= 2,45 kPa 


h = H X sin 30° 

^ H = h/sin 30° = 2h = 50 cm 
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2.71 

A barometer measures 760 mmHg at street level and 735 mmHg on top of a 
building. How tall is the building if we assume air density of 1.15 kg/m^? 

Solution: 


AP = pgH 


, 760-735 mmHg 133.32 Pa 

H = AP/pg = 777 —„ „„„ :—, 9 % - 77 — = 295 m 

1.15 X 9.807 kg/m^s^ mmHg 
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2.72 

A piece of experimental apparatus is located where g = 9.5 m/s^ and the 
temperature is 5°C. An air flow inside the apparatus is determined by measuring 
the pressure drop across an orifice with a mercury manometer (see Problem 2.77 
for density) showing a height difference of 200 mm. What is the pressure drop in 
kPa? 

Solution: 

AP = pgh ; = 13600 kg/m^ 

AP = 13 600 kg/m^ x 9.5 m/s^ x 0.2 m = 25840 Pa = 25,84 kPa 
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2.73 

Two piston/cylinder arrangements, A and B, have their gas ehambers eonnected 
by a pipe. Cross-seetional areas are = 75 em^ and^B = 25 cm^ with the piston 
mass in A being = 25 kg. Outside pressure is 100 kPa and standard 
gravitation. Find the mass me so that none of the pistons have to rest on the 
bottom. 

Solution; 



Force balance for both pistons: fT = Fn1< 

A: mp^g + PpA^ = PA^ 

B: nipgg + PgAg = PAg 


Same P in A and B gives no flow between them. 


Aa 


+ ^ 0 “ 




+ P 


0 


=> mpg = mp^ A^/ Ag = 25 x 25/75 = 8,33 kg 
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2.74 

Two hydraulic piston/cylinders are of same size and setup as in Problem 2.73, but 
with negligible piston masses. A single point force of 250 N presses down on 
piston A. Find the needed extra foree on piston B so that none of the pistons have 
to move. 

Solution; 

A^ = 75 om2 ; 

Ag = 25 em^ 

No motion in connecting pipe: P* = P 


Forces on pistons balance 



Pa ^0 + Fa ^ Fq + Fg / Ag 





= 250 X 


75 


= 83.33 N 
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2.75 

A pipe flowing light oil has a manometer attaehed as shown in Fig. P2.75. What 
is the absolute pressure in the pipe flow? 

Solution: 

Table A.3: =910 kg/m^; =991'kgivc? 

^BOT ^ ^0 Pwater g Htot = ^ ^ 

= Pq + 7822 Pa 

^PIPE ^ ^BOT ~ Pwater g ^1 ~ Poil g ^2 

= Pbot- 997 X 9.807 x 0.1 - 910 x 9.807 x 0.2 
= PgQ.p - 977.7 Pa - 1784.9 Pa 

Ppipg = Pq + (7822 - 977.7 - 1784.9) Pa 

= Pq + 5059.4 Pa = 101.325 + 5.06 = 106.4 kPa 
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2.76 

Two cylinders are fdled with liquid water, p = 1000 kg/m , and eonneeted by a 
line with a elosed valve. A has 100 kg and B has 500 kg of water, their eross- 
seetional areas are = 0.1 andA^ = 0.25 and the height A is 1 m. Find 

the pressure on each side of the valve. The valve is opened and water flows to an 
equilibrium. Find the final pressure at the valve loeation. 


Solution: 


V. = VTT_om^ = m^/p = 0.1 = A^h. => h. = 1 m 




A“A 


A 


Vt^ = Vtt_ ompj = mg/p = 0.5 = Apjh„ => h„ = 2 m 




B“B 


B 


PyB = Pq + ^ 101325 + 1000 X 9.81 X 3 = 130 755 Pa 

PvA = Po + PghA^^0^^2^ + ^000^9-^^ X 1 = 111 135 Pa 

Equilibrium: same height over valve in both 

h^^A + (hT3+H)A 

^tot ^ ^A ^B ^ ^2^A (^2 ■ ^)^B ^ 


^2 


B 




= 2.43 m 


Pv 2 = Pq + Pgh 2 = 101.325 + (1000 X 9.81 X 2.43)/1000 = 125.2 kPa 
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Temperature 


2,77 

The density of mercury changes approximately linearly with temperature as 

PHg= 13595 -2.5 T 

so the same pressure difference will result in a manometer reading that is 
influenced by temperature. If a pressure difference of 100 kPa is measured in 
summer at 35°C and in the winter at -15°C, what is the difference in column 
height between the two measurements? 

Solution: 

The manometer reading h relates to the pressure difference as 

AP 

AP = pLg ^ L = — 

Pg 


kg/ m T in Celsius 


The manometer fluid density from the given formula gives 

Pg^ = 13595 - 2.5 X 35 = 13507.5 kg/m^ 

p^ = 13595 - 2.5 X (-15) = 13632.5 kg/m^ 

The two different heights that we will measure become 

100x10^ kPa (Pa/kPa) 

Lo.i = i-)cA -7 c—n oA -7 T 7 = 0.7549 m 
su 13507.5 x 9.807 (kg/m^) m/s^ 

100x10^ kPa (Pa/kPa) „ . „ „ 

L„, = c om ^ 9 = 0.7480 m 

w 13632.5 x 9.807 (kg/m^) m/s^ 


AL = - L = 0,0069 m = 6,9 mm 

dU w 



Sonntag, Borgnakke and van Wylen 


2.78 

A mercury thermometer measures temperature by measuring the volume 
expansion of a fixed mass of liquid Hg due to a change in the density, see 
problem 2.35. Find the relative change (%) in volume for a change in 
temperature from 10°C to 20°C. 

Solution: 


From 10°C to 20°C 

At 10°C : pHg = 13595 - 2.5 x 10 = 13570 kg/n? 

At 20°C : PHg = 13595 - 2.5 x 20 = 13545 kgW 

The volume from the mass and density is: V = m/p 


^ 20 “ ^10 

Relative Change = —^7 - 

^10 


(m/p2Q) - (m/pio) 

m/pio 


PlO 

P 20 


13570 

13545 


1 = 0.0018 (0.18%) 
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Using the freezing and boiling point temperatures for water in both Celsius and 
Fahrenheit seales, develop a conversion formula between the scales. Find the 
conversion formula between Kelvin and Rankine temperature scales. 

Solution: 



Freezing 


= 0 = 32 F; 



Boiling 


100 °C = 212F 


AT= 100°C= 180F ^ TO(^ = (Tp-32)/1.8 or Tp = 1.8 Top> + 32 


For the absolute K & R scales both are zero at absolute zero. 
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2.80 

The atmosphere beeomes eolder at higher elevation. As an average the standard 

_ 'J 

atmospheric absolute temperature can be expressed as = 288 - 6.5 x 10 z, 

where z is the elevation in meters. How cold is it outside an airplane cruising at 
12 000 m expressed in Kelvin and in Celsius? 

Solution: 

For an elevation of z = 12 000 m we get 

Tatm = 288 - 6.5 X 10“^ z = 210 K 

To express that in degrees Celsius we get 

T^ = T-273.15 =-63.15°C 
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Review Problems 


2.81 

Repeat problem 2.72 if the flow inside the apparatus is liquid water, p = 1000 
kg/m^, instead of air. Find the pressure differenee between the two holes flush 
with the bottom of the ehannel. You eannot negleet the two unequal water 
columns. 


Solution: 


Balance forces in the manometer: 


P 


1 


H 


hji 


R 


H^h 



2 


(H-h2)-(H-h^) = Ahj^g = h^-h2 


^1^ + Ph20^i 8^ + PHg(H ■ 

= P 2 A + PH20^2gA + PHg(H - h2)gA 


^1 ■ ^2 Ph 20*^^2 ■ PHg*^^l ■ ^ 7 )^ 

?! - P 2 = pjjgAhjjgg - pj^^^Ahj^gg = 13600 x 0.2 x 9.5 - 1000 x 0.2 x 9.5 


= 25840 - 1900 = 23940 Pa = 23.94 kPa 
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2.82 

The main waterline into a tall building has a pressure of 600 kPa at 5 m elevation 
below ground level. How mueh extra pressure does a pump need to add to ensure 
a water line pressure of 200 kPa at the top floor 150 m above ground? 

Solution: 

The pump exit pressure must balanee the top pressure plus the column 
AP. The pump inlet pressure provides part of the absolute pressure. 

p = P + AP 

^ after pump ^ top 

AP = pgh = 997 kg/m^ x 9.807 m/s^ x (150 + 5) m 
= 1 515 525 Pa= 1516 kPa 
Pafterpump = 200 + 1516 = 1716 kPa 

APpump = 1716 - 600 = 1116 kPa 
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2.83 

A 5-kg piston in a cylinder with diameter of 100 mm is loaded with a linear 
spring and the outside atmospherie pressure of 100 kPa. The spring exerts no 
foree on the piston when it is at the bottom of the eylinder and for the state 
shown, the pressure is 400 kPa with volume 0.4 L. The valve is opened to let 
some air in, causing the piston to rise 2 em. Find the new pressure. 

Solution: 


A linear spring has a force linear proportional to displacement. F = k x, so 
the equilibrium pressure then varies linearly with volume: P = a + bV, with an 
intersect a and a slope b = dP/dV. Look at the balancing pressure at zero volume 
(V -> 0) when there is no spring force F = PA = PqA + mpg and the initial state. 

These two points determine the straight line shown in the P-V diagram. 

Piston area = Ap = (ttM) x 0.1^ = 0.00785 m^ 



„ mpg _ 5 X 9.80665 

a = P„ + = 100 kPa + —^ — Pa 


0 A 


P 


0.00785 


= 106.2 kPa intersect for zero volume. 


V. = 0.4 + 0.00785 X 20 = 0.557 L 


2 


P. = 


dP 

(400-106.2) _ 

400 + 0 . 4.0 ( 0-557 


-0.4) 


= 515.3 kPa 


0 


0.4 0.557 



Sonntag, Borgnakke and van Wylen 


2.84 

In the city water tower, water is pumped up to a level 25 m above ground in a 
pressurized tank with air at 125 kPa over the water surface. This is illustrated in 
Fig. P2.84. Assuming the water density is 1000 kg/m^ and standard gravity, find 
the pressure required to pump more water in at ground level. 


Solution; 

AP = p L g 

= 1000 kg/m^ X 25 m X 9.807 m/s^ 
= 245 175 Pa = 245.2 kPa 

^bottom = Ptop + 

= 125 + 245.2 

= 370 kPa 
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2.85 

Two cylinders are connected by a piston as shown in Fig. P2.85. Cylinder A is 
used as a hydraulic lift and pumped up to 500 kPa. The piston mass is 25 kg and 
there is standard gravity. What is the gas pressure in cylinder B? 

Solution; 

Force balance for the piston: + mpg + Po(A^ - Ag) = P^A^ 

A^ = (71/4)0.1^ = 0.00785 n?; Ag = (71/4)0.025^ = 0.000 491 m^ 

PgAg = P^A^ - nipg - Pq(A^ - Ag) = 500x 0.00785 - (25 x 9.807/1000) 

- 100 (0.00785 - 0.000 491) = 2.944 kN 
Pg = 2.944/0.000 491 = 5996 kPa = 6.0 MPa 
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2.86 

A dam retains a lake 6 m deep. To construct a gate in the dam we need to know 
the net horizontal force on a 5 m wide and 6 m tall port section that then replaces 
a 5 m section of the dam. Find the net horizontal force from the water on one side 
and air on the other side of the port. 

Solution; 

Pbot = Pq + 

AP = pgh = 997x 9.807X 6 = 58 665 Pa = 58.66 kPa 
Neglect AP in air 

Pnet ~ Pright ~ Pleft ~ Pavg ^ 

Pavg ^ Pq ^ Since a linear pressure variation with depth. 

Pnet = (Pq + 0-5 AP)A - PqA = 0.5 AP A = 0.5 x 58.66 x 5 x 6 = 880 kN 
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Concept Problems 


2.87 

A mass of 2 Ibm has acceleration of 5 ft/s^, what is the needed force in Ibf? 
Solution; 

Newtons law: F = ma 

F = ma = 2 Ibm x 5 ft/s^ = 10 Ibm ft/s^ 

= Ibf =0.31 Ibf 


2.88 

How much mass is in 0.25 gallon of liquid mercury (Hg)? Atmospheric air? 
Solution: 

'J 

A volume of 1 gal equals 231 in , see Table A.l. From Figure 2.7 the density is in 
the range of 10 000 kg/m^ = 624.28 Ibm/ft^, so we get 

m = pV = 624.3 Ibm/ft^ x 0.25 x (231/12^ ) ft^ = 20.86 Ibm 
A more accurate value from Table F.3 is p = 848 Ibm/ft . 

'I 1 

For the air we see in Figure 2.7 that density is about 1 kg/m = 0.06243 Ibm/ft so 
we get 

m = pV = 0.06243 Ibm/ft^ x 0.25 x (231/12^ ) ft^ = 0.00209 Ibm 
A more accurate value from Table F.4 is p = 0.073 Ibm/ft at 77 F, 1 atm. 



Sonntag, Borgnakke and Wylen 


2.89 

Can you easily carry a one gallon bar of solid gold? 

Solution; 

'J 

The density of solid gold is about 1205 Ibm/ft from Table F.2, we could also 
have read Figure 2.7 and converted the units. 

V = 1 gal = 231 in^ = 231 X 12'^ = 0.13368 ft^ 

Therefore the mass in one gallon is 

m = pV = 1205 Ibm/ft^ x 0.13368 ft^ 

= 161 Ibm 

and some people can just about carry that in the standard gravitational field. 


2.90 

What is the temperature of-5F in degrees Rankine? 
Solution; 

The offset from Fahrenheit to Rankine is 
459.67 R, so we get 

Tr = Tp + 459.67 = -5 + 459.67 

= 454.7 R 



2.91 

What is the smallest temperature in degrees Fahrenheit you can have? Ra nk ine? 


Solution; 

The lowest temperature is absolute zero which is 
at zero degrees Rankine at which point the 
temperature in Fahrenheit is negative 

Tr = 0 R = -459.67 F 
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Properties and Units 


2.92 

An apple weighs 0.2 Ibm and has a volume of 6 in^ in a refrigerator at 38 F. What 
is the apple density? List three intensive and two extensive properties for the 
apple. 


Solution: 


P 


m_0^ Ibm 

V= 6 in3 


= 0.0333 


Ibm 


= 57.6 


m 


Ibm 

ft^ 


Intensive 


Ibm 

p = 57.6 ; 


ft 


T= 38 F; 


1 ft^ 

v = —=0.0174^ 
p ibm 

P = 14.696 Ibf/in^ 


Extensive 

m = 0.2 Ibm 

V = 6 m3 = 0.026 gal = 0.00347 
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Force, Energy, Density 
2.93 

A 2500-lbm car moving at 15 mi/h is accelerated at a eonstant rate of 15 ft/s^ up 
to a speed of 50 mi/h. What are the foree and total time required? 

Solution; 


a = 


dV ^ 
dt “ At 


At = 


AV 


a 


(50 - 15) mi/h x 1609.34 m/mi x 3.28084 ft/m ^ 
" 3600 s/h X 15 ft/s2 " 


F = ma = (2500 x 15 / 32.174) Ibf = 1165 Ibf 
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2.94 

Two pound moles of diatomic oxygen gas are enclosed in a 20-lbm steel 
container. A force of 2000 Ibf now accelerates this system. What is the 
acceleration? 

Solution; 

The molecular weight for oxygen is M = 31.999 from Table F. 1. The force 
must accelerate both the container and the oxygen mass. 



“ ^ 02^02 


= 2 x 31.999 = 64 1bm 


“Hot = “^02 + "“steel = 64 + 20 = 84 Ibm 



2000 Ibf ^. Ibm ft s"^ 

32.174 


= 766 ft/s^ 
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2.95 

A valve in a cylinder has a cross sectional area of 2 in^ with a pressure of 100 
psia inside the cylinder and 14.7 psia outside. How large a force is needed to open 
the valve? 


Solution; 



= P. A-P 

in 


out 



= (100 - 14.7) psia x 2 in^ 

= 170.6 (Ibf/in^) x in^ 

= 170.6 Ibf 
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2.96 

One pound-mass of diatomic oxygen (O 2 molecular weight 32) is contained in a 
100-gal tank. Find the specific volume on both a mass and mole basis (v and v ). 


Solution; 

V = 231 in^ = (231 / 12^) ft^ = 0.1337 ft^ conversion seen in Table A.l 

This is based on the definition of the specific volume 

V = V/m = 0.1337 ft^/l Ibm = 0.1337 ft^/lbm 

V = V/n = = Mv = 32 X 0.1337 = 4.278 ft^/lbmol 
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Pressure 

2.97 

A 30-lbm steel gas tank holds 10 ft of liquid gasoline, having a density of 50 

Ibm/ft . What force is needed to accelerate this combined system at a rate of 15 
ft/s^? 

Solution: 


= “'tank + '“gasoline 

= 30 Ibm + 10 ft^ X 50 Ibm/ft^ 
= 530 Ibm 



F = ma = (530 Ibm x 15 ft/s^) / (32.174 Ibm ft/s^ Ibf) = 247.1 Ibf 
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2.98 

A laboratory room keeps a vacuum of 4 in. of water due to the exhaust fan. What 
is the net force on a door of size 6 ft by 3 ft? 

Solution; 


The net force on the door is the difference between the forces on the two sides as 
the pressure times the area 


F = P 


outside 


A-P 


inside 


A = AP X A 


= 4 in H 2 O X 6 ft X 3 ft 

= 4 X 0.036126 lbf/in2 x 18 x 144 in2/ft2 

= 374.6 Ibf 


Table A.l; 1 in H 2 O is 0.036 126 Ibf/in^, unit also often listed as psi. 
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2.99 

A 7 ft m tall steel eylinder has a eross sectional area of 15 ft^. At the bottom with 
a height of 2 ft m is liquid water on top of which is a 4 ft high layer of gasoline. 
The gasoline surface is exposed to atmospheric air at 14.7 psia. What is the 
highest pressure in the water? 

Solution: 


The pressure in the fluid goes up with the 
depth as 


P = ^top + = Ptop + Pgh 

and since we have two fluid layers we get 



^top + [(Ph)gasoline + ^P^) water^ ^ 


The densities from Table F.4 are: 




Air 



Gasoline 



Water 







gasoline 


= 46.81bm/ft3; 


p . =62.2 Ibm/ft^ 

^ water 


P= 14.7 +[46.8 x 4 +62.2 x 2] 


32.174 
144 X 32.174 


= 16.86 lbf/in2 
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2.100 

A U-tube manometer filled with water, density 62.3 Ibm/ft , shows a height 
difference of 10 in. What is the gauge pressure? If the right branch is tilted to 
make an angle of 30° with the horizontal, as shown in Fig. P2.72, what should the 
length of the column in the tilted tube be relative to the U-tube? 

Solution: 




AP = F/A = mg/A = hpg 
_ (10/12)x 62.3 X 32.174 

32.174 x144 

h = H X sin 30° 

^ H = h/sin 30° = 2h = 20 in = 0.833 ft 
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'y 

A piston/cylinder with cross-sectional area of 0.1 ft has a piston mass of 200 Ibm 
resting on the stops, as shown in Fig. P2.45. With an outside atmospheric pressure 
of 1 atm, what should the water pressure be to lift the piston? 

Solution; 

The foree aeting down on the piston eomes from gravitation and the 
outside atmospherie pressure aeting over the top surface. 


Foree balanee; fT = ¥'1 = PA = m^g + P^A 

9 9 

Now solve for P (multiply by 144 to eonvert from ft to in ) 



.. 200 x 32.174 

\ 4 696 

0.1 x 144 x 32.174 


= 14.696 psia + 13.88 psia = 28,58 Ibf/in^ 



Water 
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2.102 

The main waterline into a tall building has a pressure of 90 psia at 16 ft elevation 
below ground level. How mueh extra pressure does a pump need to add to ensure 
a waterline pressure of 30 psia at the top floor 450 ft above ground? 

Solution; 


The pump exit pressure must balanee the top pressure plus the column 
AP. The pump inlet pressure provides part of the absolute pressure. 


^after pump ^top ^ 

1 't 1 Ibf s^ 

AP = pgh = 62.2 Ibm/fr x 32.174 ft/s^ x (450 + 16) ft x 32 174 ibm ft 

= 28 985 Ibf/ft^ = 201.3 Ibf/in^ 


Pafterpump = 30 + 201.3 = 231.3 psia 
APpump = 231.3 - 90 = 141.3 psi 
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2.103 

A piston, mp = 10 Ibm, is fitted in a cylinder, A = 2.5 in. , that contains a gas. The 

setup is in a centrifuge that creates an acceleration of 75 ft/s . Assuming standard 
atmospheric pressure outside the cylinder, find the gas pressure. 

Solution; 


Force balance: 


Ft = = PqA + 


mpg 


= PA 


P= Po + 


mpg 

A 


= 14.696 + 


10 X 75 Ibm ft/s^ Ibf-s^ 

Ibm-ft 


2.5 X 32.174 


in 


= 14.696 + 9.324 = 24.02 IbW 
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Temperature 

2.104 

The atmosphere becomes colder at higher elevation. As an average the standard 

atmospheric absolute temperature can be expressed as = 518-3.84 x 10 z, 

where z is the elevation in feet. How cold is it outside an airplane cruising at 32 
000 ft expressed in Rankine and in Fahrenheit? 


Solution; 

For an elevation of z = 32 000 ft we get 

Tatm = 518-3.84 X 10“^ z = 395.1 R 

To express that in degrees Fahrenheit we get 

Tp = T - 459.67 = -64.55 F 
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2.105 

The density of mereury ehanges approximately linearly with temperature as 

Pttg ^851.5 - 0.086 T Ibm/ft^ T in degrees Fahrenheit 

so the same pressure differenee will result in a manometer reading that is 

influenced by temperature. If a pressure difference of 14.7 Ibf/in. is measured in 
the summer at 95 F and in the winter at 5 F, what is the difference in column 
height between the two measurements? 


Solution; 


AP = pgh ^ h = AP/pg 

Pg^ = 843.33 Ibm/ft^; Pw " ^ 



14.7 X 144 x 32.174 
843.33 X 32.174 


= 2.51 ft = 30.12 in 


, 14.7 X 144 x 32.174 ^ 

851.07 x 32.174 “ 2-487 ft - 29.84 m 

Ah = h „ - h„, = 0.023 ft = 0.28 in 

oU w 
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Correspondence Table 
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The English unit problem eorrespondence is 
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The Computer, design and open-ended problem eorrespondenee is 
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mod indieates a modification from the previous problem that changes the solution 
but otherwise is the same type problem. 
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Concept-Study Guide Problems 
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3.1 

What is the lowest temperature (approximately) at which water can be liquid? 


Look at the phase diagram in Fig. 3.7. At the 
border between ice I, ice III and the liquid region 
is a triple point which is the lowest T where you 
can have liquid. From the figure it is estimated to 

be about 255 K i.e. at -18®C. 

T«255K«-18°C 




3.2 

What is the percent change in volume as liquid water freezes? Mention some effects 
in nature and for our households the volume change can have. 

The density of water in the different phases can be found in Tables A. 3 and A.4 
and in Table B.l. 

From Table B. 1.1 Vf= 0.00100 m^/kg 

From Table B.l.5 v; = 0.0010908 m^/kg 

_„Vi-Vf _ 0.0010908-0.001 . 

Percent change: 100 = 100 x o”o01 =9.1 % increase 

Liquid water that seeps into cracks or other confined spaces and then freezes 
will expand and widen the cracks. This is what destroys any pourous material 
exposed to the weather on buildings, roads and mountains. 

3.3 

When you skate on ice a thin liquid film forms under the skate; how can that be? 

The ice is at some temperature below the freezing temperature for the 
atmospheric pressure of 100 kPa =0.1 MPa and thus to the left of the fusion line in 
the solid ice I region of Fig. 3.7. As the skate comes over the ice the pressure is 
increased dramatically right under the blade so it brings the state straight up in the 
diagram crossing the fusion line and brings it into a liquid state at same temperature. 

The very thin liquid film under the skate changes the friction to be viscous rather 
than a solid to solid contact friction. Friction is thus significantly reduced. 
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3.4 

An external water tap has the valve activated by a long spindle so the closing 
mechanism is located well inside the wall. Why is that? 

Solution: 

By having the spindle inside the wall the coldest location with water when the valve 
is closed is kept at a temperature above the freezing point. If the valve spindle was 
outside there would be some amount of water that could freeze while it is trapped 
inside the pipe section potentially rupturing the pipe. 

3.5 

Some tools should be cleaned in water at a least 150®C. How high a P is needed? 
Solution: 

If I need liquid water at 150°C I must have a pressure that is at least the saturation 
pressure for this temperature. 

Table B.1.1: 150®C = 475.9 kPa. 


3.6 

Are the pressures in the tables absolute or gauge pressures? 

Solution: 

The behavior of a pure substance depends on the absolute pressure, so P in the tables 
is absolute. 


3.7 

If I have I L ammonia at room pressure and temperature (100 kPa, 20®C) how much 
mass is that? 


Ammonia Tables B.2: 

B.2.1 Pgjjt = 857.5 kPa at 20®C so superheated vapor. 


B.2.2 v= 1.4153 m^/kg 

V 0.001 m 

m = “ = -T 

V 1.4153 m^ 


under subheading 100 kPa 
3 

— = 0.000 706 kg = 0.706 g 

/kg 
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3.8 

How much is the change in liquid specific volume for water at 20°C as you move up 
from state i towards state] in figure 3.12 reaching 15 000 kPa? 

State “i”, here “a”, is saturated liquid and up is then compressed liquid states 


a 

Table B. 1.1 

Vf= 0.001 002 m3/kg 

at 

2.34 kPa 

b 

Table B. 1.4 

Vf= 0.001 002 m3/kg 

at 

500 kPa 

c 

Table B. 1.4 

Vf= 0.001 001 m^/kg 

at 

2000 kPa 

d 

Table B. 1.4 

Vf= 0.001 OOOm^/kg 

at 

5000 kPa 

e 

Table B. 1.4 

Vf = 0.000 995 m^/kg 

at 

15 000 kPa 

f 

Table B. 1.4 

Vf = 0.000 980 m^/kg 

at 

50 000 kPa 


Notice how small the changes in v are for very large changes in P. 




V 
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For water at 100 kPa with a quality of 10% find the volume fraction of vapor. 


This is a two-phase state at a given pressure: 

Table B.1.2: Vf = 0.001 043 m^/kg, Vg = 1.6940 m^/kg 

From the definition of quality we get the masses from total mass, m, as 

mf = (1 - x) m, mg = x m 

The volumes are 


Vf=mfVf=(l-x)mvf, Vg = mg Vg = x m Vg 
So the volume fraction of vapor is 


Vg Vg X m Vg 

Fraction y x m Vg + (1 - x)m Vf 

^_ 0.1 X 1.694 __ 0.1694 

“ 0.1 X 1.694 + 0.9 X 0.001043 “ 0.17034 


0.9945 


Notice that the liquid volume is only about 0.5% of the total. We could also have 
found the overall v = Vf + xvfg and then V = m v. 
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.10 

Sketch two constant-pressure curves (500 kPa and 30 000 kPa) in a T-v diagram and 
indicate on the curves where in the water tables you see the properties. 




The 30 MPa line in Table B.1.4 starts at 0®C and table ends at 380”C, the line is 
continued in Table B.1.3 starting at 375°C and table ends at 1300°C. 

The 500 kPa line in Table B.1.4 starts at O.Ol^C and table ends at the saturated 
liquid state (151.86®C). The line is continued in Table B.1.3 starting at the saturated 
vapor state (151.86®C) continuing up to 1300°C. 
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3.11 

Locate the state of ammonia at 200 kPa, -10°C. Indieate in both the P-v and the T-v 
diagrams the location of the nearest states listed in the printed table B.2 



3.12 

Why are most of the compressed liquid or solid regions not included in the printed 
tables? 

For the eompressed liquid and the solid phases the specific volume and thus 
density is nearly constant. These surfaces are very steep nearly eonstant v and there 
is then no reason to fill up a table with the same value of v for different P and T. 
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3.13 

Water at 120”C with a quality of 25% has its temperature raised 20”C in a eonstant 
volume process. What is the new quality and pressure? 

Solution; 


State 1 from Table B.1.1 at 120®C 


V = 


Vf + X Vfg = 0.001060 + 0.25 x 0.8908 = 0.22376 m^/kg 


State 2 has same v at 140®C also from Table B.1.1 

v-Vf 0.22376-0.00108 „ 

x = - =-- =0.4385 




0.50777 


P = Psat = 361.3 kPa 
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3.14 

Water at 200 kPa with a quality of 25% has its temperature raised 20*^C in a eonstant 
pressure proeess. What is the new quality and volume? 

Solution: 

State 1 from Table B. 1.2 at 200 kPa 

V = Vf + X Vfg = 0.001061 + 0.25 x 0.88467 = 0.22223 m^/kg 

State 2 has same P from Table B. 1.2 at 200 kPa 

T2 = Tsat + 20 = 120.23 + 20 = 140.23°C 
so state is superheated vapor 

X = undefined 

20 c, 

V = 0.88573 + (0.95964 - 0.88573) ^^^ _ = 0.9354 m^/kg 




3.15 

Why is it not typieal to find tables for Ar, He, Ne or air like an Appendix B table? 

The temperature at whieh these substanees are elose to the two-phase 
region is very low. For teehnieal applieations with temperatures around 
atmospheric or higher they are ideal gases. Look in Table A.2 and we can see the 
critical temperatures as 

Ar: 150.8 K He: 5.19 K Ne: 44.4 K 

It requires a special refrigerator in a laboratory to bring a substance down 
to these cryogenic temperatures. 
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3.16 

What is the relative (%) ehange in P if we double the absolute temperature of an 
ideal gas keeping mass and volume constant? Repeat if we double V having m, T 
constant. 

Ideal gas law: PV = mRT 

State?: P 2 V = mRT 2 = mR2Ti = IP^V ^ P 2 = 2Pi 

Relative change = AP/Pj = Pj/Pi = 1 = 100% 

states: P 3 V 3 = mRTi = PiVi ^ P 3 = P 1 V 1 W 3 = Pi/2 

Relative change = AP/P^ = -Pi/2P^ = -0.5 = -50% 
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.17 

Calculate the ideal gas constant for argon and hydrogen based on table A.2 and 
verify the value with Table A. 5 

The gas constant for a substance can be found from the universal gas eonstant from 
the front inside cover and the molecular weight from Table A.2 

R 8.3145 

Argon: ^ = M ^ 39 943 = 0.2081 kJ/kg K 

R 8 3145 

Hydrogen: R = ^ = ~20l^ ^ 4.1243 kJ/kg K 
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3.18 

How close to ideal gas behavior (find Z) is ammonia at saturated vapor, 100 kPa? 
How about saturated vapor at 2000 kPa? 

Table B.2.2: vi = 1.1381 m^/kg, = -33.6®C, Pi = 100 kPa 

V 2 = 0.06444 m^/kg, T 2 = 49.37°C, P 2 = 2000 kPa 
Table A.5: R = 0.4882 kJ/kg K 

Extended gas law: Pv = ZRT so we can calculate Z from this 



100 X 1.1381 


0.4882 X (273.15 -33.6) 
2000 X 0.06444 


0.4882 X (273.15 + 49.37) 


= 0.973 


= 0.8185 


So state 1 is close to ideal gas and state 2 is not so close. 




0.1 
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3.19 

Find the volume of 2 kg of ethylene at 270 K, 2500 kPa using Z from Fig. D.l 

Ethylene Table A.2: T^. = 282.4 K, P^. = 5.04 MPa 

Table A.5: R = 0.2964 kJ/kg K 

The redueed temperature and pressure are: 



0.956, 


P 

P = — 


2.5 

5.04 


0.496 


Enter the ehart with these coordinates and read: Z = 0.76 



mZRT 

P 


2 X 0.76 X 0.2964 x 270 

2500 


= 0.0487 



0.5 1 In Pj. 


0.1 
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3.20 

With Tj- = 0.85 and a quality of 0.6 find the compressibility factor using Fig. D.l 

For the saturated states we will use Table D.4 instead of the figure. There 
we can see at Tj- = 0.85 

Zf= 0.062, Zg = 0.747 

Z = (1 - x) Zf + xZg = (1 - 0.6) 0.062 + 0.6 x 0.747 = 0.473 
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Phase Diagrams, Triple and Critical Points 
3.21 

Modern extraction techniques can be based on dissolving material in supercritical 
fluids such as carbon dioxide. How high are pressure and density of carbon 
dioxide when the pressure and temperature are around the critical point. Repeat 
for ethyl alcohol. 


Solution: 


CO2: 


Table A.2: P= 7.38 MPa, T = 304 K, v. = 0.00212 mAkg 


Pc = 1/vc = 1/0.00212 = 472 kg/m 


C 2 H 5 OH: 


Table A.2: Pc = 6.14 MPa, Tc = 514K, Vc = 0.00363 m-^/kg 

Pc = 1/vc = 1/0.00363 = 275 kg/m^ 



Sonntag, Borgnakke and van Wylen 


3.22 

Find the lowest temperature at whieh it is possible to have water in the liquid 
phase. At what pressure must the liquid exist? 

Solution; 


There is no liquid at lower temperatures 
than on the fusion line, see Fig. 3.6, 
saturated ice III to liquid phase boundary is 
at 


T«263K«-10°C and 
P « 2100 MPa 



T 
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3.23 

Water at 27°C can exist in different phases dependent upon the pressure. Give the 
approximate pressure range in kPa for water being in each one of the three phases 
vapor, liquid or solid. 


Solution; 


The phases can be seen in Fig. 3.6, a sketch 
of which is shown to the right. 

T = 27 °C = 300 K 
From Fig. 3.6; 

PvL « 4 X 10“^ MPa = 4 kPa, 

Pls= 10^ MPa 



0 < P < 4 kPa 

0.004 MPa < P < 1000 MPa 

P > 1000 MPa 


VAPOR 

LIQUID 

SOLID(ICE) 
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3.24 

What is the lowest temperature in Kelvins for whieh you can see metal as a liquid 
if the metal is a. silver b. copper 


Solution: 

Assume the two substances have a phase diagram similar to Fig. 3.6, then 
we can see the triple point data in Table 3.2 

Ta = 961°C = 1234 K 
Tb = 1083‘'C = 1356 K 
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3.25 

If density of ice is 920 kg/m , find the pressure at the bottom of a 1000 m thick 
ice cap on the north pole. What is the melting temperature at that pressure? 

Solution: 

Pice = 920 kg/m^ 

AP = pgH = 920 kg/m^ x 9.80665 m/s^ x 1000 = 9022 118 Pa 

P = Pq + AP = 101.325 + 9022 = 9123 kPa 

See figure 3.6 liquid solid interphase => Tls = -1°C 
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3.26 

Dry ice is the name of solid carbon dioxide. How cold must it be at atmospheric 
(100 kPa) pressure? If it is heated at 100 kPa what eventually happens? 

Solution; 

The phase boundaries are shown in Figure 3.6 

At 100 kPa the carbon dioxide is solid if T < 190 K 

It goes directly to a vapor state without becoming a liquid hence its name. 


The 100 kPa is below 
the triple point. 
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2,21 

A substance is at 2 MPa, 17°C in a rigid tank. Using only the critical properties 
can the phase of the mass be determined if the substance is nitrogen, water or 
propane ? 


Solution; 

Find state relative to critical 

a) Nitrogen N 2 

b) Water H 2 O 

c) Propane C 3 FI 8 


point properties which are from Table A.2: 

3.39 MPa 126.2 K 

22.12 MPa 647.3 K 

4.25 MPa 369.8 K 


State is at 17 °C = 290 K and 2 MPa < P^. 
for all cases: 

N 2 : T » T^. Superheated vapor P < Pc 

H 2 O : T « Tc ; P « Pc 

you cannot say. 

C 3 H 8 : T < T^.; P < P^. you cannot say 
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3.28 

Give the phase for the following states. 

Solution: 

a. CO 2 r=267°C P = 0.5 MPa Table A.2 

superheated vapor assume ideal gas Table A.5 

b. Air r=20°C P = 200kPa Table A.2 

superheated vapor assume ideal gas Table A.5 

c. NH 3 r=170°C P = 600kPa Table B.2.2 or A.2 

T > T^. => superheated vapor 
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3.29 


Determine the 

a) 

b) 

c) 


phase of the substance at the given state using Appendix B tables 
Water 100°C, 500kPa 

Ammonia -10°C, 150 kPa 

R-12 0°C, 350 kPa 


Solution; 

a) From Table B.1.1 Psat(100°C) = 101.3 kPa 

500 kPa > Pgat then it is compressed liquid 

OR from Table B.1.2 Tsat(500 kPa) = 152°C 

100°C < Tgjjt then it is subcooled liquid = compressed liquid 

b) Ammonia NH 3 ; 

Table B.2.1; P < P^atC-lO °C) = 291 kPa 
Superheated vapor 

c) R-12 

Table B.3.1; P > Psat(0 °C) = 309 kPa 
Compressed liquid. 


The S-L fusion line goes slightly to the 
left for water. It tilts slightly to the right 
for most other substances. 



T 
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3.30 


Determine whether water at each of the following states is a compressed liquid, a 
superheated vapor, or a mixture of saturated liquid and vapor. 


a. 


c. 


P = 10 MPa, V = 0.003 m-^/kg 
200°C, 0.1 m^/kg 


b. 

d. 


1 MPa, 190°C 
lOkPa, 10°C 


Solution: 

For all states start search in table B.1.1 (if T given) or B.1.2 (if P given) 

a. P = 10 MPa, V = 0.003 m^/kg so look in B.1.2 at 10 MPa 

Vf= 0.001452; Vg = 0.01803 m^/kg, 

=> Vf < V < Vg => so mixture of liquid and vapor. 

b. 1 MPa, 190°C : Only one of the two look-ups is needed 

B.1.1: P < Pgjjt = 1254.4 kPa so it is superheated vapor 

B.1.2: T > Tgjjt = 179.91°C so it is superheated vapor 

c. 200°C, 0.1 m^/kg: lookinB.1.1 

Vf = 0.001156 m^/kg ; Vg = 0.12736 m^/kg, 

=> Vf < V < Vg => so mixture of liquid and vapor. 

d. 10 kPa, 10°C : Only one of the two look-ups is needed 

From B.1.1: P>Pg=l .2276 kPa so compressed liquid 

From B.1.2: T < = 45.8 °C so compressed liquid 
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3.31 

Give the phase for the following states. 

Solution; 

a. H 2 O r=275°C P = 5MPa Table B. 1.1 or B. 1.2 

B.1.1 Pgjjt = 5.94 MPa => superheated vapor 

B.1.2 T 5 jjt = 264°C => superheated vapor 

b. H 2 O T=-2°C P=100kPa Table B.1.1 T < Tt^piepoint 

Table B. 1.5 at -2°C P^^t = 0.518 kPa 

sinee P > Pg^t => compressed solid 





V 
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3.32 

Determine whether refrigerant R-22 in eaeh of the following states is a 
compressed liquid, a superheated vapor, or a mixture of saturated liquid and 
vapor. 

Solution: 

All cases are seen in Table B.4.1 

a. 50°C, 0.05 m^/kg From table B.4.1 at 50°C Vg = 0.01167 m^/kg 

since v > Vg we have superheated vapor 

b. 1.0 MPa, 20°C From table B.4.1 at 20°C Pg = 909.9 kPa 

since P > Pg we have compressed liquid 

c. 0.1 MPa, 0.1 m^/kg From table B.4.1 at 0.1 MPa (use 101 kPa) 

Vf = 0.0007 and Vg = 0.2126 m^/kg 

as Vf < V < Vg we have a mixture of liquid & 
vapor 

d -20°C, 200 kPa superheated vapor, P < Pg = 244.8 kPa at-20°C 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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General Tables 
3.33 

Fill out the following table for substanee water: 
Solution: 



P [kPa] 

T [‘'C] 

V [m^/kg] 

X 

a) 

500 

20 

0.001002 

Undefined 

b) 

500 

151.86 

0.20 

0.532 

c) 

1400 

200 

0.14302 

Undefined 

d) 

8581 

300 

0.01762 

0.8 


a) Table B. 1.1 P > Psat so it is compressed liquid => Table B.1.4 

b) Table B.1.2 Vf<v<Vg so two phase L + V 

X = (0.2 - 0.001093) / 0.3738 = 0.532 

'"fg 

T = Tsat= 151.86‘'C 

c) Only one of the two look-up is needed 

Table B. 1.1 200®C P < Pg^t = => superheated vapor 

Table B.1.2 1400 kPa T>Tsat=195°C 

Table B.1.3 subtable for 1400 kPa gives the state properties 

d) Table B. 1.1 since quality is given it is two-phase 

V = Vf + X X Vfg = 0.001404 + 0.8 x 0.02027 = 0.01762 m^/kg 

3.34 

Place the four states a-d listed in Problem 3.33 as labeled dots in a sketch of the 
P-v and T-v diagrams. 

Solution: 
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3.35 

Determine the phase and the specific volume for ammonia at these states using 
the Appendix B table. 

a. -10®C, 150 kPa 

b. 20®C, lOOkPa 

c. 60®C, quality 25% 

Solution: 

Ammonia, NH 3 , properties from Table B.2 

a) 

Table B.2.1: P < Psat(-10 °C) = 291 kPa 
Superheated vapor B.2.2 v = 0,8336 m^/kg 

b) 

Table B.2.1 at given T: P^^^j = 847.5 kPa so P < Pgat 

Superheated vapor B.2.2 v = 1,4153 m^/kg 

c) 

Table B.2.1 enter with T (this is two-phase L + V) 

V = Vf + X Vfg = 0.001834 + X X 0.04697 = 0.01358 m^/kg 
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3.36 

Give the phase and the specific volume. 

Solution: 

a. R-22 T=-25°C P = 100 kPa 

Table B.4.1 at given T: P 5 jjt = 201kPa so P < Psat 

sup. vap. B.4.2 v = (0.22675 + 0.23706)/2 = 0,2319 m^/kg 

b. R-22 T = -25°C R = 300 kPa 

Table B.4.1 at given T: P 5 jjt = 201kPa so 

compr. liq. as P ^ ^sat V = Vf= 0,000733 m^/kg 

c. R-12 r=5°C R = 200kPa 

Table B.3.1 at given T: P^^^t = 362.6 kPa so P < Pgat 

sup. vap. B.3.2 v = (0.08861 + 0.09255)/2 = 0.09058 m^/kg 
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3.37 

Fill out the following table for substance ammonia: 

Solution: 

P [kPa] T [ «C] V [m3/kg] x 

a) 1200 50 0.1185 Undefined 

b) 2033 50 0.0326 0.5 

a) B.2.1 v>Vg => superheated vapor LookinB.2.2 

b) B.2.1 P = P^at = 2033 kPa 

V = Vf + X Vfg = 0.001777 + 0.5 x 0.06159 = 0.0326 m^/kg 

3.38 

Place the two states a-b listed in Problem 3.37 as labeled dots in a sketch of the P- 
V and T-v diagrams. 

Solution: 
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3.39 

Calculate the following specifie volumes 

a. R-134a: 50°C, 80% quality 

b. Water 4 MPa, 90% quality 

c. Nitrogen 120 K, 60% quality 

Solution: 

All states are two-phase with quality given. The overall speeific 
volume is given by Eq.3.1 or 3.2 

V = Vf + X Vfg = (l-x)Vf + X Vg 

a. R-134a: 50°C, 80% quality in Table B.5.1 

V = 0.000908 + X X 0.01422 = 0.01228 m^/kg 

b. Water 4 MPa, 90% quality in Table B. 1.2 

V = 0.001252(l-x) + X X 0.04978 = 0.04493 m^/kg 

c. Nitrogen 120 K, 60% quality in Table B.6.1 

V = 0.001915 + X X 0.00608 = 0.005563 m^/kg 
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3.40 

Give the phase and the missing property of P, T, v and x. 


a. 

R-134a 

T = -20°C, P= 150kPa 

b. 

R-134a 

P = 300 kPa, V = 0.072 m^/kg 

c. 

CH 4 

T = 155 K, V = 0.04 m^/kg 

d. 

CH 4 

T = 350 K, V = 0.25 m^/kg 


Solution: 

a)B.5.1 P^Psat = 133.7 kPa^ compressed liquid 

V ~ Vf = 0.000738 m^/kg 
X = undefined 


b)B.5 .2 ^ kP^ ^ superheated vapor 

T = 10 + (20-10) ( -0:072^MZ1U_) = ^2 7°C 

1 lu + t^u lu; 0.07441 - 0.07111/ ' ‘ ^ 

X = undefined 


c)B.7.1 


V > Vg = 0.04892 m^/kg 2-phase 


V - Vf 

X = 

^fg 

P = Psat = 


_ 0.04-0.002877 
0.04605 

1295.6 kPa 


0.806 


d)B.7.1 


T > and v » v 


Q ' W Q 

located between 600 & 800 kPa 

0.25-0.30067 


superheated vapor B.7.2 


P = 600 + 200 


0.2251-0.30067 


= 734 kPa 
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3.41 

A sealed rigid vessel has volume of 1 and contains 2 kg of water at 100°C. 
The vessel is now heated. If a safety pressure valve is installed, at what pressure 
should the valve be set to have a maximum temperature of 200°C? 

Solution: 

Process: v = V/m = constant 


State 1: Vj = 1/2 = 0.5 m^/kg 

from Table B.1.1 
it is 2-phase 

State 2: 200°C, 0.5 m^/kg 

Table B.1.3 between 400 
and 500 kPa so interpolate 



P = 400 + 


0.5-0.53422 

0.42492-0.53422 


X (500-400) = 431.3 kPa 
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3.42 

Saturated liquid water at 60°C is put under pressure to deerease the volume by 1 % 
keeping the temperature constant. To what pressure should it be compressed? 

Solution; 

State 1; T = 60°C , x = 0.0; Table B.1.1: v = 0.001017 m^/kg 
Process: T = constant = 60°C 

State 2: T, v = 0.99 x v^^^qoq = 0.99x0.001017 = 0.0010068 m^/kg 
Between 20 & 30 MPa in Table B.1.4, P = 23,8 MPa 
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3.43 

Saturated water vapor at 200 kPa is in a eonstant pressure piston cylinder. At this 
state the piston is 0.1 m from the cylinder bottom. How much is this distance if 
the temperature is changed to a) 200 and b)100®C. 

Solution: 

State 1: (200 kPa, x = 1) in B. 1.2: = v^ (200 kPa) = 0,8857 m^/kg 

State a: (200 kPa, 200 ‘'C) B.1.3: v^ = 1.083 m^/kg 
State b: (200 kPa, 100 ‘’C) B. 1.1: v^^ = 0.001044 n?/kg 

As the piston height is proportional to the volume we get 

ha = h^ (Va /v^) = 0.1 X (1.0803 / 0.8857) = 0.12 m 
hb = h^ (Vb/vi) = 0.1 X (0.001044/0.8857) = 0.00011 m 
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3.44 

You want a pot of water to boil at 105®C. How heavy a lid should you put on the 
15 em diameter pot when =101 kPa? 

Solution; 

Table B.1.1 at 105°C : 120.8 kPa 

A = I= 1 0.152 = 0.01767 m2 

Fnet = (Psat “Patm) A = (120.8 - 101) kPa x 0.01767 m2 
= 0.3498 kN = 350 N 

Pnet ~ ^lid S 


^lid Pnet^S 


350 

9.807 


= 35.7 kg 


Some lids are 
elamped on, the 
problem deals with 
one that stays on due 
to its weight. 
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3.45 

In your refrigerator the working substance evaporates from liquid to vapor at -20 
inside a pipe around the cold section. Outside (on the back or below) is a black 
grille inside which the working substance condenses from vapor to liquid at +40 
”C. For each location find the pressure and the change in specific volume (v) if 

a) the substance is R -12 

b) the substance is ammonia 

Solution: 

The properties come from the saturated tables where each phase change takes 
place at constant pressure and constant temperature. 


Substance 

TABLE 

T 

^sat 5 kPa 

> 

II 

> 

< 

R-12 

B.3.1 

40 

961 

0.017 

R-12 

B.3.1 

u 

o 

o 

(N 

1 

151 

0.108 

Ammonia 

B.2.1 

40 

1555 

0.0814 

Ammonia 

B.2.1 

u 

o 

o 

(N 

1 

190 

0.622 
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3.46 

In your refrigerator the working substance evaporates from liquid to vapor at -20 
inside a pipe around the cold section. Outside (on the back or below) is a black 
grille inside which the working substance condenses from vapor to liquid at +40 
®C. For each location find the pressure and the change in specific volume (v) if: 

a) the substance is R-134a b) the substance is R-22 

Solution: 

The properties come from the saturated tables where each phase change takes 
place at constant pressure and constant temperature. 


Substance 

TABLE 

T 

^sat 5 kPa 

> 

II 

> 

< 

R-134a 

B.5.1 

40 

1017 

0.019 

R-134a 

B.5.1 

u 

o 

o 

(N 

1 

134 

0.146 

R-22 

B.4.1 

40 

1534 

0.0143 

R-22 

B.4.1 

u 

o 

o 

(N 

1 

245 

0.092 
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3.47 

A water storage tank contains liquid and vapor in equilibrium at 110°C. The distance 
from the bottom of the tank to the liquid level is 8 m. What is the absolute pressure 
at the bottom of the tank? 

Solution: 

Saturated conditions from Table B.1.1: = 143.3 kPa 

Vf = 0.001052 m^/kg ; 
gh 9.807 X 8 

= ^ = = ^4 578 Pa = 74.578 kPa 

Pbottom = Ptop + = 143.3 + 74.578 = 217.88 kPa 
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3.48 

Saturated water vapor at 200 kPa is in a eonstant pressure piston eylinder. At this 
state the piston is 0.1 m from the eylinder bottom. How mueh is this distanee and 
the temperature if the water is eooled to oeeupy half the original volume? 


Solution; 


State 1; B 1.2 v^ = v„ (200 kPa) = 0.8857 m^/kg, Tj=120.2°C 


Proeess: P = eonstant = 200 kPa 
State 2: P, V 2 = vi/2 = 0.44285 m^/kg 

Table B.1.2 V 2 < Vg so two phase T 2 = T^at = 120.2°C 


Height is proportional to volume 


h 2 = h^ X V 2 /V 1 = 0.1 X 0.5 = 0,05m 
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3.49 

Two tanks are connected as shown in Fig. P3.49, both containing water. Tank A is at 

200 kPa, V = 0.5 m^/kg, = 1 and ta nk B contains 3.5 kg at 0.5 MPa, 400°C. 
The valve is now opened and the two come to a uniform state. Find the final specific 
volume. 

Solution: 

Control volume: both tanks. Constant total volume and mass process. 



State Al: (P, v) 

m^ = V^/v^ = 1/0.5 = 2 kg 

State Bl: (P, T) 

Table B.1.3 Vg = 0.6173 m^/kg 

^ V 

g = nigVg = 3.5 X 0.6173 = 2.1606 m^ 

Final state: 

“\0t = “lA + “lB = 5.5kg 


'"2 “ to/"\ot = 0-5746 m’/kg 
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3.50 

Determine the mass of methane gas stored in a 2 m^ tank at -30°C, 3 MPa. Estimate 
the percent error in the mass determination if the ideal gas model is used. 

Solution: 


Methane Table B.7.1 at -30°C = 243.15 K > T = 190.6 K, so superheated 

c 

vapor in Table B.7.2. Linear interpolation between 225 and 250 K. 


^ v^ 0.03333 + 


243.15-225 

250-225 


x(0.03896 - 0.03333) = 0.03742 m^/kg 


m = V/v = 2/0.03742 = 53.45 kg 
Ideal gas assumption 

V = RT/P = 0.51835 x 243.15/3000 = 0.042 m^/kg 
m = V/v = 2/0.042 = 47.62 kg 
Error: 5.83 kg 10.9% too small 
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3.51 

Saturated water vapor at 60°C has its pressure deereased to inerease the volume 
by 10% keeping the temperature eonstant. To what pressure should it be 
expanded? 

Solution: 

Initial state: v = 7.6707 m^/kg from table B. 1.1 

Final state: v = 1.10 x Vg = 1.1 x 7.6707 = 8.4378 m^/kg 

Interpolate at 60°C between saturated (P = 19.94 kPa) and superheated vapor 
P = 10 kPa in Tables B.1.1 and B.1.3 

8.4378-7.6707 

P ^ 19.941 + (10 - 19-941) = 18.9 kPa 



Comment: T,v ^ P = 18 kPa (software) v is not linear in P, more like 1/P, 
so the linear interpolation in P is not very aecurate. 
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3.52 

Saturated water vapor at 200 kPa is in a eonstant pressure piston cylinder. At this 
state the piston is 0.1 m from the cylinder bottom. How much is this distance and 
the temperature if the water is heated to occupy twice the original volume? 

Solution: 

From B.1.2, v^ = 0.8857 m^/kg 

2: From B.1.3., P2^Pl’ V 2 = 2vi = 2 x 0.8857 = 1.7714 m^/kg 

Since the cross sectional area is constant the height is proportional to volume 

h2 = hi 

Interpolate for the temperature 

1 7714- 1 5493 

T2=400 + 100 ^_,3^3,_^;3,,3 .496°C 


V 2 /V 1 = 2hi = 0,2 m 
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3.53 

A boiler feed pump delivers 0.05 m /s of water at 240°C, 20 MPa. What is the mass 
flowrate (kg/s)? What would be the pereent error if the properties of saturated liquid 
at 240°C were used in the ealculation? What if the properties of saturated liquid at 
20 MPa were used? 

Solution: 

State 1: (T, P) eompressed liquid seen in B. 1.4: v = 0.001205 m^/kg 

m = V/v = 0.05/0.001205 = 41,5 kg/s 

Vf ( 240 OC) = 0.001229 m^/kg ^ m = 40.68 kg/s error 2% 

Vf( 2 Q MPa) ^ ^ m = 24.56 kg/s error 41% 




The eonstant T line is nearly vertieal for the liquid phase in the P-v diagram. 
The state is at so high P, T that the saturated liquid line is not extremely steep. 
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Saturated vapor R-134a at 50®C changes volume at constant temperature. Find the 
new pressure, and quality if saturated, if the volume doubles. Repeat the question 
for the case the volume is reduced to half the original volume. 

Solution: 

1: (T, x)B.4.1: v^ = Vg = 0.01512 m^/kg, = 1318 Kpa 

2: V 2 = 2\i = 0.03024 m^/kg superheated vapor 

Interpolate between 600 kPa and 800 kPa 
^ ... ... 0.03024 - 0.03974 „ 

P 2 - 600 + 200 X Q_Q 2 g 5 i _ 0.03974 “ 


3: V 3 = vi/2 = 0.00756 m^/kg < Vg: two phase 



Sonntag, Borgnakke and van Wylen 


3.55 

A storage tank holds methane at 120 K, with a quality of 25 %, and it warms up 
by 5°C per hour due to a failure in the refrigeration system. How long time will it 
take before the methane becomes single phase and what is the pressure then? 

Solution: Use Table B.7.1 

Assume rigid tank v = constant = 

= 0.002439 + 0.25x0.30367 = 0.078366 m^/kg 

We then also see that > v^ = 0.00615 m/kg 
All single phase when v = v => T = 145 K 

o 

At = AT/(5°C/h) = (145 - 120 )/ 5 =5 hours P = 824 kPa 
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A glass jar is filled with saturated water at 500 kPa, quality 25%, and a tight lid is 
put on. Now it is cooled to -10°C. What is the mass fraction of solid at this 
temperature? 


Solution: 


Constant volume and mass 


Vi = V 2 = V/m 


From Table B.1.2 
From Table B.1.5 


vi = 0.001093 + 0.25 x 0.3738 = 0.094543 
V2 = 0.0010891 + X2 X 446.756 = Vi = 0.094543 

^ X 2 = 0.0002 mass fraction vapor 


Xsolid =1 ■ ^2 ^ 0.9998 or 99,98 % 




V 
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Saturated (liquid + vapor) ammonia at 60°C is contained in a rigid steel tank. It is 
used in an experiment, where it should pass through the critical point when the 
system is heated. What should the initial mass fraction of liquid be? 


Solution: 

Process: Constant mass and volume, v = C 
From table B.2.1: 

V 2 = v^ = 0.004255 m^/kg 

v^ = 0.001834 + Xj X 0.04697 = 0.004255 

=> x^ = 0.01515 

liquid mass fraction = 1 - x ^ = 0,948 
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A steel tank eontains 6 kg of propane (liquid + vapor) at 20°C with a volume of 
0.015 m^. The tank is now slowly heated. Will the liquid level inside eventually rise 
to the top or drop to the bottom of the tank? What if the initial mass is 1 kg instead 
of 6 kg? 


Solution: 

Constant volume and mass 



0.015 m^ 

6 kg 


= 0.0025 m^/kg 



A.2: v^ = 0.00454 m^/kg > v^ 

eventually reaehes sat. liquid. 

^ level rises to top 

Ifm=lkg ^ v^ = 0.015 m^/kg > v^ 

then it will reaeh saturated vapor. 

^ level falls 
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A 400-m^ storage tank is being constructed to hold LNG, liquified natural gas, 
which may be assumed to be essentially pure methane. If the tank is to contain 
90% liquid and 10% vapor, by volume, at 100 kPa, what mass of LNG (kg) will 
the tank hold? What is the quality in the tank? 

Solution: 

CH^ is in the section B tables. 

From Table B.7.1: Vf = 0.002366 m^/kg, (interpolated) 

From Table B.7.2: Vg = 0.55665 m^/kg (first entry 100 kPa) 


_ Vliq _ 0.9 X 400 
Vf “ 0.002366 

m^Q^ = 152 227 kg, 


. Vvap 0.1x400 

152 155.5 kg; m^^p = - 


0.55665 


= 71.86 kg 


X = myap / = 4,72 x 10 


-4 
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'J 

A sealed rigid vessel of 2 m contains a saturated mixture of liquid and vapor R- 
134a at 10°C. If it is heated to 50°C, the liquid phase disappears. Find the 
pressure at 50°C and the initial mass of the liquid. 


Solution; 


Process: constant volume and constant mass. 



State 2 is saturated vapor, from table B.5.1 
P 2 = Pg^^(50°C) = 1.318 MPa 
State 1: same specific volume as state 2 
v^ = V 2 = 0.015124 m^/kg 
v^ =0.000794+ x^ X 0.048658 
^ x^ = 0.2945 


m = V/Vj = 2/0.015124 = 132.24 kg; m^-q = (1 - x^m = 93.295 kg 
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A pressure cooker (closed tank) contains water at 100°C with the liquid volume 
being 1/10 of the vapor volume. It is heated until the pressure reaches 2.0 MPa. 
Find the final temperature. Idas the final state more or less vapor than the initial 
state? 

Solution; 

State 1; Vf = mf Vf = Vg/10 = mgVg/10 ; 

Table B.1.1; Vf= 0.001044 m^/kg, Vg = 1.6729 m^/kg 

mg _10 mfVf / Vg _10 Vf _ 0.01044 

^1 mg + mf mf+lOmfVf/Vg lOvf+Vg 0.01044+ 1.6729 

v^ =0.001044 + 0.0062x1.67185 = 0.01141 m^/kg 

State 2; V 2 = v^ = 0.01141 m^/kg < Vg(2MPa) from B. 1.2 so two-phase 


A 


p 



At state 2; V 2 = Vf + X 2 Vfg 
0.01141 = 0.001177 + X 2 X 0.09845 
=> X2 = 0.104 

More vapor at final state 

T 2 = Tg^^(2MPa) = 212.4°C 


1 


V 
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A pressure eooker has the lid serewed on tight. A small opening with A = 5 mm^ 
is eovered with a peteoek that ean be lifted to let steam eseape. How mueh mass 

should the peteoek have to allow boiling at 120®C with an outside atmosphere at 
101.3 kPa? 


Table B.1.1.; = 198.5 kPa 

F = mg = AP X A 
m = AP X A/g 

_ (198.5-101.3)x1000x5x10-6 

9.807 

= 0.0496 kg = 50 g 
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Ammonia at 10 ”C and mass 0.1 kg is in a piston cylinder with an initial volume of 1 
m^. The piston initially resting on the stops has a mass such that a pressure of 900 
kPa will float it. Now the ammonia is slowly heated to 50®C. Find the final pressure 
and volume. 

Solution: 

C.V. Ammonia, constant mass. 

Process: V = constant unless P = Ppoat 


State 1: T=10®C, v^ = “ = t^= 0.1 m^/kg 


1 

m“ 10 


From Table B.2.1 Vf < v < v 


v-Vf 0.1-0.0016 „ 

=-= —^ — = 0.4828 




0.20381 



State la: P = 900kPa, v = v^ = 0.1 m^/kg < Vg at 900 kPa 
This state is two-phase T^^ “ 21.52°C 
Since T 2 > T^a then V 2 > v^a 

State 2: 50°C and on line(s) means 

P 2 = 900 kPa which is superheated vapor. 

Table B.2.2 : V 2 = 0.16263 m^/kg 

V 2 = mv2 = 1.6263 
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3.64 

A cylinder fitted with a frietionless piston eontains butane at 25°C, 500 kPa. Can 
the butane reasonably be assumed to behave as an ideal gas at this state ? 

Solution 

Butane 25°C, 500 kPa, Table A.2: = 425 K; Pe=3.8MPa 

25 +273 0.5 

^r“ 425 ^r“3.8“^-^^ 

Look at generalized ehart in Figure D.l 

Aetual Pr > Pr, sat = 0.1 => Uquid!! not a gas 

The pressure should be less than 380 kPa to have a gas at that T. 
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A spherical helium balloon of 10 m in diameter is at ambient T and P, 15”C and 
100 kPa. How much helium does it contain? It can lift a total mass that equals the 
mass of displaced atmospheric air. How much mass of the balloon fabric and cage 
can then be lifted? 



m,..=m. -m„ = 633-87.5 = 545,5 kg 

htt air He ® 
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Is it reasonable to assume that at the given states the substanee behaves as an 
ideal gas? 

Solution: 

Ideal Gas ( T » = 155 K from A.2) 
Ideal Gas ( T » = 190 K from A.2) 
NO eompressed liquid P > Pgat (B. 1.1) 
NO eompressed liquid P > Pgat (B.5.1) 


a) Oxygen, O 2 

at 

30°C, 3 MPa 

b) Methane, CH^ 

at 

30°C, 3 MPa 

e) Water, H 2 O 

at 

30°C, 3 MPa 

d)R-134a 

at 

30°C, 3 MPa 

e) R-134a 

at 

30°C, 100 kPa 
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A 1-m^ tank is filled with a gas at room temperature 20°C and pressure 100 kPa. 
How mueh mass is there if the gas is a) air, b) neon or e) propane ? 

Solution: 

Use Table A.2 to compare T and P to the critical T and P with 
T = 20°C = 293.15 K; P=100kPa«Pe for all 
Air: T » Tc,n 2 ; Tc,o2= 154.6 K so ideal gas; R= 0.287 kJ/kg K 
Neon: T » Tc= 44.4 K so ideal gas; R = 0.41195 kJ/kg K 

Propane: T < Tc = 370 K, but P « Pc = 4.25 MPa 

so gas R = 0.18855 kJ/kg K 

All states are ideal gas states so the ideal gas law applies 

PV = mRT 



100 X 1 

0.287 x 293.15 


= 1.189 kg 




100 X 1 

0.41195 X 293.15 


= 0.828 kg 




100 X 1 

0.18855 X 293.15 


= 1.809 kg 
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A rigid tank of 1 contains nitrogen gas at 600 kPa, 400 K. By mistake 
someone lets 0.5 kg flow out. If the final temperature is 375 K what is then the 
final pressure? 

Solution: 



600 X 1 

0.2968 X 400 


= 5.054 kg 


m 2 = m - 0.5 = 4.554 kg 



m2RT2 



4.554 X 0.2968 x 375 

1 


= 506.9 kPa 
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A cylindrical gas tank 1 m long, inside diameter of 20 em, is evacuated and then 
filled with earbon dioxide gas at 25°C. To what pressure should it be eharged if there 
should be 1.2 kg of earbon dioxide? 

Solution: 

Assume CO 2 is an ideal gas, table A.5: R = 0.1889 kJ/kg K 


V^yj = AxL = |(0.2fx 1 = 0.031416m3 

mRT 

P V = mRT => P = 



1.2 kg X 0.1889 kJ/kg K x (273.15 + 25) K 

0.031416 m3 


= 2152 kPa 
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A glass is cleaned in 45”C hot water and plaeed on the table bottom up. The room 
air at 20®C that was trapped in the glass gets heated up to 40”C and some of it 
leaks out so the net resulting pressure inside is 2 kPa above ambient pressure of 
101 kPa. Now the glass and the air inside eools down to room temperature. What 
is the pressure inside the glass? 


Solution; 


1 air: 40®C, 103 kPa 

2 air: 20°C, ? 

Constant Volume: Vi = V 2 , 




Slight amount 

of liquid water 
seals to table top 



Constant Mass mj = m2 
Ideal Gas P^V 

Take Ratio 

Ti 20 + 273 

^*2 ^ Pi ^ ^ 103 X 4Q _|_ 273 ^ 


I = m^RT I and P 2 V 2 = mjRT 2 
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A hollow metal sphere of 150-mm inside diameter is weighed on a precision 
beam balance when evacuated and again after being filled to 875 kPa with an 
unknown gas. The difference in mass is 0.0025 kg, and the temperature is 25°C. 
What is the gas, assuming it is a pure substance listed in Table A.5 ? 


Solution: 


Assume an ideal gas with total volume: V = ^(0.15) = 0.001767 m 



mRT 

PV 


0.0025 X 8.3145 X 298.2 
875 X 0.001767 


4,009 « M„ 

He 


=> Helium Gas 
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A vacuum pump is used to evacuate a ehamber where some specimens are dried at 
50°C. The pump rate of volume displacement is 0.5 m^/s with an inlet pressure of 
0.1 kPa and temperature 50°C. How mueh water vapor has been removed over a 30- 
min period? 

Solution: 

Use ideal gas since P « lowest P in steam tables. 

From table A.5 we get R = 0.46152 kJ/kg K 

m = rii At with mass flow rate as: m= V/v = PV/RT (ideal gas) 

• 0.1 X 0.5 X 30x60 

^ m = PVAt/RT = ... —TTTTc? = 0.603 kg 

(0.46152 X 323.15) ** 
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A 1 rigid tank has propane at 100 kPa, 300 K and connected by a valve to 

another tank of 0.5 with propane at 250 kPa, 400 K. The valve is opened and 
the two tanks come to a uniform state at 325 K. What is the final pressure? 

Solution: 

Propane is an ideal gas (P « P^.) with R = 0.1886 kJ/kgK from Tbl. A.5 


PaVa 100x1 
RTa “0.1886 x 300 


1.7674 kg 


PbVb _ 250 X 0.5 
RTb “0.1886 x 400 


1.6564 kg 


V2 = Va + Vb= 1.5 m3 


m2 = mA + mB = 3.4243 kg 



m2RT2 



3.4243 X 0.1886 x 325 

1.5 


= 139.9 kPa 
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Verify the aeeuraey of the ideal gas model when it is used to ealeulate speeifie 
volume for saturated water vapor as shown in Fig. 3.9. Do the ealculation for 10 
kPa and 1 MPa. 

Solution: 

Look at the two states assuming ideal gas and then the steam tables. 

Ideal gas: 

V = RT/P => vi = 0.46152 x (45.81 + 273.15)/10 = 14.72 m^/kg 

V 2 = 0.46152 X (179.91 + 273.15)/1000 = 0.209 m^/kg 

Real gas: 

Table B.1.2: vi = 14,647 m^/kg so error = 0.3 % 

V 2 = 0,19444 m^/kg so error = 7.49 % 
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Assume we have 3 states of saturated vapor R-134a at +40 ”C, 0 °C and -40 ”C. 
Calculate the specific volume at the set of temperatures and corresponding saturated 
pressure assuming ideal gas behavior. Find the percent relative error = 100(v - Vg)/vg 
with Vg from the saturated R-134a table. 

Solution: 

R-134a. Table values from Table B.5.1 PsaU''g(T) 

Ideal gas constant from Table A.5: RR-i 34 a = 0.08149 kJ/kg K 


T 

^sat 5 kPa 


'VlD.G. - RT / Pgat 

error % 

1 

O 

o 

O 

51.8 

0.35696 

0.36678 

2.75 

o”c 

294 

0.06919 

0.07571 

9.4 

40 ”C 

1017 

0.02002 

0.02509 

25.3 
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Do Problem 3.75, but for the substance R-12. 

Solution: 

R-12. Table values from Table B.3.1 PsaU'^g(T) 

Ideal gas constant from Table A.5: Rr.i 2 ^ 0.08149 kJ/kg K 


T 

^sat 5 kPa 


’^ID.G. “RT /Pgjjt 

error % 

1 

O 

o 

O 

64.2 

0.24191 

0.2497 

3.2 

o”c 

308.6 

0.05539 

0.06086 

9.9 

40 ”C 

960.7 

0.01817 

0.02241 

23.4 






Sonntag, Borgnakke and van Wylen 


3.77 

Do Problem 3.75, but for the substance ammonia. 


Solution: 

NH3. 


Table values from Table B.2.1 Vg(T) 

Ideal gas constant from Table A.5: Rammonia ^ 0.4882 kJ/kg K 


T 

^sat 5 kPa 


’^ID.G. “RT /Pgjjt 

error % 

1 

O 

o 

O 

71.7 

1.5526 

1.5875 

2.25 

o”c 

429.6 

0.28929 

0.3104 

7.3 

40 ”C 

1555 

0.08313 

0.09832 

18.3 
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Air in an automobile tire is initially at -10°C and 190 kPa. After the automobile is 
driven awhile, the temperature gets up to 10°C. Find the new pressure. You must 
make one assumption on your own. 

Solution: 


Assume constant volume and that air is an ideal 
gas 


^2 ^1 ^ 


= 190 X 


283.15 

263.15 


= 204,4 kPa 
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An initially deflated and flat balloon is connected by a valve to a 12 storage 
tank containing helium gas at 2 MPa and ambient temperature, 20°C. The valve is 
opened and the balloon is inflated at constant pressure, Pq = 100 kPa, equal to 
ambient pressure, until it becomes spherical at Z) ^ = 1 m. If the balloon is larger 
than this, the balloon material is stretched giving a pressure inside as 


P = P 





dJ D 


The balloon is inflated to a final diameter of 4 m, at which point the pressure 
inside is 400 kPa. The temperature remains constant at 20°C. What is the 
maximum pressure inside the balloon at any time during this inflation process? 
What is the pressure inside the helium storage tank at this time? 


Solution: 

At the end of the process we have D = 4 m so we can get the constant C as 


1 1 


P = 400 = Pq + C( 1- 4)4 =100 + Cx3/16 
The pressure is: P = 100 + 1600 ( 1 - X X 


=> 


C = 1600 


X = D/D 


1 


Differentiate to find max: 


dP 21 

^=C(-X“^ +2X"^ )/D^ = 0 


=> - X “^ + 2 X ^ = 0 => 


X = 2 


at max P => D = 2Dj = 2 m; 


V= |D^ = 4.18m^ 


1 1 


Pmax= 100+ 1600 ( 1 - 2)2 = 500 kPa 

U r • - PV 500 x 4.189 , ,, , 

Helium IS ideal gas A.5: m = = 3.44 kg 

2.0771 x 293.15 


PV 2000 x 12 

mxANK, 1 - RT “ 2.0771 x 293.15 “ ^8 

i^TANK, 2 = 39.416 - 3.44 = 35.976 kg 

Pt 2 = ititank, 2 RTA^ = ( hixank, 1 / niTANK, 2 ) >< P 1 = 1825.5 kPa 
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Compressibility Factor 


3.80 

Argon is kept in a rigid 5 tank at -30°C, 3 MPa. Determine the mass using the 
eompressibility factor. What is the error (%) if the ideal gas model is used? 


Solution: 


No Argon table, so we use generalized chart Fig. D.l 

T, = 243.15/150.8 = 1.612, = 3000/4870 = 0.616 => Z = 0.96 


PV 


m = 


3000 X 5 


^ 0.96 x 0.2081 X 243.2 ^ 


Ideal gas Z = 1 



= 296.4 kg 


4% error 
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What is the percent error in specific volume if the ideal gas model is used to 
represent the behavior of superheated ammonia at 40°C, 500 kPa? What if the 
generalized compressibility chart, Fig. D.l, is used instead? 


Solution: 


NH^ T = 40°C = 313.15 K, T =405.5 K, P = 11.35 MPa from Table A. 1 


Table B.2.2: 


V = 0,2923 m^/kg 


, , RT 0.48819 x 313 __ c. 

Ideal gas: v = = 0,3056 m /kg 


313.15 

Figure D.l: Tj. = ^ = 0.772, 


0.5 

11.35 “ 


V = 


ZRT 

P 


= 0.2964 m^/kg 


1,4% error 


4,5% error 


Z = 0.97 
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A new refrigerant R-125 is stored as a liquid at -20 °C with a small amount of vapor. 
For a total of 1.5 kg R-125 find the pressure and the volume. 

Solution: 

As there is no section B table use compressibility chart. 

Table A.2: R-125 T^. = 339.2 K Pc = 3.62 MPa 

Tr = T / Tc = 253.15 / 339.2 = 0.746 

We can read from Figure D. 1 or a little more accurately interpolate from table 
D.4 entries: 

Pj. sat ^0-16; Zg = 0.86; Zf= 0.029 
p = Pr sat Pc = 0-16 X 3620 = 579 kPa 

PViiq = Zfmiiq RT = 0.029 x 1.5 x 0.06927 x 253.15 / 579 = 0.0013 

2.0 



0.1 



Sonntag, Borgnakke and van Wylen 


3.83 

Many substances that normally do not mix well do so easily under supereritical 
pressures. A mass of 125 kg ethylene at 7.5 MPa, 296.5 K is stored for sueh a 
proeess. How much volume does it occupy? 

Solution: 

There is no seetion B table for ethylene so use eompressibility chart. 

Table A.2: Ethylene T^. = 282.4 K P^. = 5.04 MPa 

Tr = T/Tc = 296.5/282.4 = 1.05 ; P^ = P/Pc = 7.5 / 5.04 = 1.49 

Z = 0.32 from Figure D.l 

V = mZRT / P = 125 X 0.32 x 0.2964 x 296.5 / 7500 = 0.469 



0.1 
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Carbon dioxide at 330 K is pumped at a very high pressure, 10 MPa, into an oil- 
well. As it penetrates the roek/oil the oil viseosity is lowered so it flows out 
easily. For this proeess we need to know the density of the earbon dioxide being 
pumped. 

Solution: 

There is not a B seetion table so use eompressibility ehart 

Table A.2 C02: T^. = 304.1 K P^. = 7.38 MPa 

Tr = T/Tc = 330/304.1 = 1.085 
Pr = P/Pc= 10/7.38 = 1.355 
From Figure D. 1: Z « 0.45 

p = 1/v = P / ZRT = 10000/(0.45 x 0.1889 x 330) = 356 kg/m^ 



1 InPj. 


0.1 
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To plan a commercial refrigeration system using R-123 we would like to know how 
much more volume saturated vapor R-123 occupies per kg at -30 compared to the 
saturated liquid state. 

Solution: 

For R-123 there is no section B table printed. We will use compressibility chart. 
From Table A.2 T^. = 456.9 K ; Pc = 3.66 MPa; M= 152.93 

Tr = T/Tc = 243/456.9 = 0.53 

R = R/M = 8.31451 / 152.93 = 0.0544 
The value of Tj. is below the range in Fig. D.l so use the table D.4 

Table D.4, Zg = 0.979 Zf = 0.00222 

Zfg = 0.979 - 0.0022 = 0.9768; P^ = P^ sat = 0.0116 

P = Pr X P^. = 42.5 

Vfg = Zfg RT/P = 0.9768 x 0.0544 x 243 / 42.5 = 0.304 m^/kg 



Sonntag, Borgnakke and van Wylen 


3.86 

A bottle with a volume of 0.1 eontains butane with a quality of 75% and a 

temperature of 300 K. Estimate the total butane mass in the bottle using the 
generalized eompressibility ehart. 

Solution: 

We need to find the property v the mass is: m = V/v 
so find V given T i and x as : v = v^ + x Vfg 

Table A.2: Butane T^; = 425.2 K P^. = 3.8 MPa = 3800 kPa 
Tr = 300/425.2 = 0.705 => 

From Fig. D.l or table D.4: Zf«0.02; Zg « 0.9; Pr sat ^0-1 




P “ Psat “ Pr sat x Pq = 0-1^ 3.80 xlOOO = 380 kPa 

Vf = ZfRT/P = 0.02 X 0.14304 x 300/380 = 0.00226 m^/kg 


Vg = ZgRT/P = 0.9 X 0.14304 x 300/380 = 0.1016 m^/kg 
V = 0.00226 + 0.75 x (0.1016 - 0.00226) = 0.076765 m^/kg 

V 0-1 

^ V 0.076765 
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Refrigerant R-32 is at -10 with a quality of 15%. Find the pressure and specific 
volume. 

Solution: 

For R-32 there is no section B table printed. We will use compressibility chart. 
From Table A.2: T^. = 351.3 K; P^. = 5.78 MPa ; 

From Table A.5: R = 0.1598 kJ/kg K 
Tr = T/Tc = 263/351.3 = 0.749 

From Table D.4 or Figure D.l, Zf « 0.029 ; Zg « 0.86 ; Pj. gat ~ 0-16 

p = Pr sat Pc = 0-16 X 5780 = 925 kPa 
V = Vf + X Vfg = (Zf + X X Zfg) RT/P 

= [0.029 + 0.15 X (0.86 - 0.029)] x 0.1598 x 263 / 925 

= 0,007 m^/kg 



1 InPj. 


0.1 
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A mass of 2 kg of acetylene is in a 0.045 rigid eontainer at a pressure of 4.3 

MPa. Use the generalized eharts to estimate the temperature. (This beeomes trial 
and error). 


Solution: 


Table A.2,A.5: Pr= 4.3/6.14 = 0.70; Tc = 308.3 K; R = 0.3193 kJ/kg K 

V = V/m = 0.045/2 = 0.0225 m^/kg 


State given by (P, v) 


V = 


ZRT 

P 


Sinee Z is a funetion of the state Fig. D.l and thus T, we have trial and error. 


Try sat. vapor at Pj. = 0.7 => Fig. D.l: 

v„ = 0.59 X 0.3193 x 0.94 x 308.3/4300 


Zg=0.59; Tr = 0.94 
= 0.0127 m^/kg too small 


Tr= 1 => Z = 0.7 => v = 

Tr= 1.2 => Z = 0.86 => v = 


0.7 X 0.3193 X 1 X 308.3 ^ 

4300 

0.86 X 0.3193 X 1.2 x 308.3 


4300 


0.016 m3/kg 
= 0.0236 m3/kg 


Interpolate to get: Tj. « 1.17 


T«361 K 
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3.89 

A substance is at 2 MPa, 17°C in a 0.25-m^ rigid tank. Estimate the mass from the 
eompressibility faetor if the substanee is a) air, b) butane or e) propane. 

Solution: 

Figure D.l for eompressibility Z and table A.2 for eritical properties. 

Pr = P/Pc and Tr = T/T^ 

Air is a mixture so we will estimate from the major eomponent. 

Nitrogen P^ = 2/3.39 = 0.59; = 290/126.2 = 2.3; Z « 0.98 

m = PV/ZRT = 2000 x 0.25/(0.98 x 0.2968 x 290) = 5.928 kg 

Butane Pf = 2/3.80 = 0.526; = 290/425.2 = 0.682; Z « 0.085 

m = PV/ZRT = 2000 x 0.25/(0.085 x 0.14304 x 290) = 141.8 kg 

Propane P^ = 2/4.25 = 0.47; 1^= 290/369.8 = 0.784; Z « 0.08 

m = PV/ZRT = 2000 x 0.25/(0.08 x 0.18855 x 290) = 114.3 kg 


2.0 



0.1 
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Review Problems 

3.90 

Determine the quality (if saturated) or temperature (if superheated) of the 
following substanees at the given two states: 

Solution: 

a) Water, H 2 O, use Table B. 1.1 or B. 1.2 

1) 120°C, 1 m^/kg superheated vapor, T = 120 °C 

2) 10 MPa, 0.01 m^/kg => two-phase v < Vg 

X = ( 0.01 - 0.001452 ) / 0.01657 = 0.516 

b) Nitrogen, N 2 , table B.6 

1) 1 MPa, 0.03 m /kg => superheated vapor sinee v > Vg 

Interpolate between sat. vapor and superheated vapor B.6.2: 

T ^ 103.73 + (120-103.73) X , 117 K 

2) 100 K, 0.03 m /kg => sat. liquid + vapor as two-phase v < Vg 

V = 0.03 = 0.001452 + x x 0.029764 ^ x = 0.959 


States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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3.91 


Fill out the following table for substance 

ammonia: 


Solution: 

P [kPa] 

T [«C] 

V [m3/kg] 

X 

a) 

400 

-10 

0.001534 

Undefined 

b) 

855 

20 

0.15 

1.0 


a) B.2.1 P > 10®C) = 291 kPa => compressed liquid 


V = Vf= 0.001534 m3 /kg 
b) B.2.1 seareh along the Vg values 
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3.92 

Find the phase, quality x if applicable and the missing property F or F. 
Solution: 

a. H 2 O r=120°C v = 0.5m^/kg 

Table B. 1.1 at given T: v < Vg = 0.89186 

sat, liq, + vap, P = = 198,5 kPa, 

X = (v - Vf)/Vfg = (0.5 - 0.00106)/0.8908 = 0.56 

b. H 2 O F’=100kPa v=1.8m^/kg 

Table B. 1.2 at given P: v > Vg= 1.694 

sup. vap,, interpolate in Table B.1.3 

T = 1 (150 - 99.62) + 99.62 = 121.65 °C 

i.yjoJo — i.oy4 

c. H 2 O T = 263 K V = 0.2 m^/kg 

Table B.1.5 at given T =-10 °C: v < Vg = 466.757 

sat, solid + vap., P = P^^t = 0,26 kPa, 

X = (v - Vi)/Vig = (200 - 0.001)/466.756 = 0.4285 
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3.93 

Find the phase, quality x if applicable and the missing property P or T. 
Solution: 

a. NH 3 P = 800 kPa v = 0.2 m^/kg; 

Superheated Vapor (v > Vg at 800 kPa) 

Table B 2.2 interpolate between 70°C and 80°C 

T = 71.4°C 

b. NH 3 r=20°C V = 0.1m3/kg 

Table B.2.1 at given T: v < Vg = 0.14922 

sat, liq, + vap, , P = P^^^^ = 857.5 kPa, 

X = (v - Vf)/Vfg = (0.1 - 0.00164)/0.14758 = 0.666 
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3.94 

Give the phase and the missing properties of P, T, v and x. 

Solution: 

a. R-22 r= 10°C V = 0.01 m^/kg 

Table B.4.1 v < Vg = 0.03471 m^/kg 

sat, liq. + vap, P = = 680.7 kPa, 

X = (v - Vf)/Vfg = (0.01 - 0.0008)70.03391 = 0.2713 

b. H 2 O T = 350°C V = 0.2 m^/kg 

Table B. 1.1 at given T: v>Vg = 0.00881 
sup, vap, P = 1.40 MPa, x = undefined 

c. R-12 T=-5°C R = 200kPa 

sup, vap, (P < Pg at -5°C) 

Table B 3.2: 

V = 0.08354 m^/kg at -12.5°C 

V = 0.08861 m^/kg at 0°C 

=> V = 0.08658 m^/kg at -5°C 

d. R-134a R = 294 kPa, v = 0.05 m^/kg 

Table B.5.1: v < Vg = 0.06919 /kg 

two-phase T = Tg^t = 0°C 
X = (v - Vf)/Vfg = (0.05 - 0.000773)70.06842 = 0.7195 
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3.95 

Give the phase and the missing properties of P, T, v and x. These may be a little 
more difficult if the appendix tables are used instead of the software. 

Solution: 

a) R-22 at r= 10°C, V = 0.036 m^/kg: Table B.4.1 v>VgatlO°C 

=> sup, vap. Table B.4.2 interpolate between sat. and sup. both at 10°C 

0.036-0.03471 

P = 680.7 + (600 - 680.7) q Q 4 Qjg q 03471 ~ 661.7 kPa 

b) H 2 O V = 0.2 m^/kg , X = 0.5: TableB.1.1 

sat. liq. -I- vap. v = (1-x) Vf + x Vg => Vf + Vg = 0.4 m^/kg 
since Vf is so small we find it approximately where Vg = 0.4 m^/kg. 

Vf + Vg = 0.39387 at 150°C, Vf + Vg = 0.4474 at 145°C. 

An interpolation gives T = 149,4°C, P = 468,2 kPa 

c) H20 r=60°C, v = 0.001016 m^/kg: TableB.1.1 v < Vf= 0.001017 

=> compr. liq. see Table B.1.4 

V = 0.001015 at 5 MPa so P ^ 0.5(5000 + 19.9) = 2,51 MPa 

d) NH 3 r=30°C, P = 60kPa: Table B.2.1 P<Psat 

=> sup. vapor interpolate in Table B.2.2 

V = 2.94578 + (1.95906 - 2.94578) = 2.551 m^/kg 

V is not linearly proportional to P (more like 1/P) so the computer table 
gives a more accurate value of 2.45 m^/kg 

e) R-134a v = 0.005 m^/kg , x = 0.5: sat. liq. -I- vap. Table B.5.1 

V = (1-x) Vf + X Vg => Vf + Vg = 0.01 m^/kg 

Vf + Vg = 0.010946 at 65°C, Vf + Vg = 0.009665 at 70°C. 

An interpolation gives: T = 68,7°C, P = 2.06 MPa 
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3.96 

A 5 m long vertical tube of cross sectional area 200 cm^ is placed in a water 
fountain. It is fdled with 15®C water, the bottom closed and the top open to the 
100 kPa atmosphere. 

a) How much water is in the tube? 

b) What is the pressure at the bottom of the tube 

Solution: 

State 1: slightly compressed liquid from Table B. 1.1 

Mass: m = p V = V/v = AH/v = 200 x 10“4 x 5/0.001001 = 99.9 kg 

AP = p gH = gH/v = 9.80665 x 5/0.001001 
= 48 984 Pa = 48.98 kPa 
Plot = Ptop + AP = 149 kPa 
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2,31 

Consider two tanks, A and B, connected by a valve, as shown in Fig. P3.97. Each 
has a volume of 200 L and ta nk A has R-12 at 25°C, 10% liquid and 90% vapor 
by volume, while tank B is evacuated. The valve is now opened and saturated 
vapor flows from A to B until the pressure in B has reached that in A, at which 
point the valve is closed. This process occurs slowly such that all temperatures 
stay at 25°C throughout the process. Flow much has the quality changed in tank A 
during the process? 


Solution; 



State Al; Table B.3.1 Vf= 0.000763 m^/kg, Vg = 0.026854 m^/kg 

^liql ^vapl 0.1 X 0.2 0.9 x 0.2 

“ Vf 25 °c ^ ''g 25°C ~ 0-000'763 ^ 0.026854 

= 26.212+ 6.703 = 32.915 kg 
6.703 

^Al “32.915“^-^^^^ ’ 

State B2: Assume A still two-phase so saturated P for given T 

Vg Q 2 

”b2 = kg 

State A2; mass left is m ^2 ^ 32.915 - 7.448 = 25.467 kg 

Va2 = 25^^67 ^ 0-00^833 = 0.000763 + x^2 ^ 0.026091 
Xa2 = 0.2718 


Ax = 6.82% 
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3.98 

A spring-loaded piston/cylinder contains water at 500°C, 3 MPa. The setup is 
such that pressure is proportional to volume, P = CV. It is now cooled until the 
water becomes saturated vapor. Sketch the P-v diagram and find the final 
pressure. 

Solution; 

State 1; Table B.1.3: Vj = 0.11619 m^/kg 
Process: m is constant and P = C^V = C^m v = C v 

P = Cv ^ C = P/vj =3000/0.11619 = 25820 kPakg/m^ 

State 2: X 2 = 1 & P 2 = Cv 2 (on process line) 




Trial & error on or P 2 sat: 

Here from B.1.2: 

at 2 MPa Vg = 0.09963 ^ C = 20074 (low) 
2.5 MPa V =0.07998 ^ C = 31258 (high) 
2.25 MPa v„ = 0.08875 ^ C = 25352 (low) 


^ P2 = 2270kPa 


Interpolate to get the right C 
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3.99 

A 1 rigid tank has air at 1500 kPa and ambient 300 K connected by a valve to 

a piston cylinder. The piston of area 0.1 requires 250 kPa below it to float. 

The valve is opened and the piston moves slowly 2 m up and the valve is closed. 
During the process air temperature remains at 300 K. What is the final pressure in 
the tank? 


PaVa 1500x1 , 

RT^ 0.287x300 1^-422 kg 


mB2 - niB 1 


AVa AVbPb 0.1x2x250 


VR 


RT 


0.287x300 


mA2 = niA“(’^B2 ■ ’^Bl) ^ 17.422 - 0.581 = 16.841 kg 



mA2RT 

Va 


16.841x0.287x300 

1 


= 1450 kPa 
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3.100 

A tank contains 2 kg of nitrogen at 100 K with a quality of 50%. Through a volume 
flowmeter and valve, 0.5 kg is now removed while the temperature remains eonstant. 
Find the final state inside the tank and the volume of nitrogen removed if the 
valve/meter is loeated at 

a. The top of the tank 

b. The bottom of the tank 


Solution 


Table B.6.1; 




vi = 0.001452 + xi X 0.029764 = 0.016334 m^/kg 

Vtank ^ ^ 0.0327 m^ 

m2 = mi - 0.5 = 1.5 kg 

V7 = Vt 3nk /m7 = 0.0218 < Vg(T) 

0.0218-0.001452 
^2 “0.031216-0.001452“ 


'J 'y 

Top; flow out is sat. vap. Vg = 0.031216 m /kg, = niouAg ^ 0,0156 m 
Bottom; flow out is sat. liq. Vf = 0.001452 Vqui = m^u^Vf = 0,000726 
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3.101 


A piston/cyUnder arrangement is loaded with a linear spring and the outside 

atmosphere. It eontains water at 5 MPa, 400°C with the volume being 0.1 m . If the 
piston is at the bottom, the spring exerts a foree sueh that = 200 kPa. The system 

now eools until the pressure reaehes 1200 kPa. Find the mass of water, the hnal state 
{T^, and plot the P-v diagram for the proeess. 


Solution: 



1: Table B. 1.3 


Vj= 0.05781 nP/kg 


m = V/v^ = 0.1/0.05781 = 1.73 kg 


Straight line: 


P = Pa + C X V 


Vl = V j ^ = 0,01204 m^/kg 


V 


V 2 < Vg(1200 kPa) so two-phase T 2 = 188°C 
^ X 2 = (V 2 - 0.001139)/0.1622 = 0.0672 
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3.102 

Water in a piston/cyUnder is at 90°C, 100 kPa, and the piston loading is such that 
pressure is proportional to volume, P = CV. Heat is now added until the temperature 
reaches 200°C. Find the hnal pressure and also the quality if in the two-phase 
region. 

Solution: 

Final state: 200°C , on process line P = CV 

State 1: Table B.1.1: v^ = 0.001036 m^/kg 

P 2 = PiV 2 /v^ from process equation 
Check state 2 in Table B.1.1 

vHT.,) = 0.12736; PHT.,) = 1.5538 MPa 

lfv 2 = Vg(T 2 ) ^ P 2 = 12.3 MPa > Pg not OK 

If sat. P 2 = Pg(T 2 ) = 1553.8 kPa ^ V 2 = 0.0161 m^kg < Vg sat. OK, 

P 2 = 1553.8 kPa, X 2 = (0.0161 - 0.001156) / 0.1262 = 0.118 
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3.103 


A container with liquid nitrogen at 100 K has a eross seetional area of 0.5 m^. 

Due to heat transfer, some of the liquid evaporates and in one hour the liquid level 
drops 30 mm. The vapor leaving the eontainer passes through a valve and a heater 
and exits at 500 kPa, 260 K. Caleulate the volume rate of flow of nitrogen gas 
exiting the heater. 

Solution: 

Properties from table B.6.1 for volume ehange, exit flow from table B.6.2: 

AV = Ax Ah = 0.5x0.03 = 0.015 m^ 

Am^-q = -AV/vf = -0.015/0.001452 = -10.3306 kg 

= AV/v =0.015/0.0312 = 0.4808 kg 

o 

m^^^ = 10.3306-0.4808 = 9.85 kg 

Vexit = 0.15385 m^/kg 
V = = (9.85 / 1 h)x 0.15385 m^/kg 

= 1.5015 m^/h = 0.02526 m^/min 
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3.104 

A cylinder containing ammonia is fitted with a piston restrained by an external force 
that is proportional to cylinder volume squared. Initial conditions are 10°C, 90% 
quality and a volume of 5 L. A valve on the cylinder is opened and additional 
ammonia flows into the cylinder until the mass inside has doubled. If at this point 
the pressure is 1.2 MPa, what is the final temperature? 

Solution: 

State 1 Table B.2.1: Vj = 0.0016 + 0.9(0.205525 - 0.0016) = 0.18513 m3/kg 

Pj=615kPa; Vj = 5 L = 0.005 m3 
m^ = V/v = 0.005/0.18513 = 0.027 kg 
State 2: P 2 = 1.2 MPa, Flow in so: m 2 = 2 m^ = 0.054 kg 

Process: Piston = KV^ = PA => P = CV^ => P 2 = Pj (V 2 /V ^)2 

From the process equation we then get: 

1/2 1200 1/2 . 

V 2 = (P 2 /P 1 ) = 0.005 (-^) = 0.006984 m^ 

V 2 = V/m = ^ 0 ^ 0 ^ 54 ^^ = 0.12934 m^/kg 
At P 2 , V 2 : T 2 = 70.9°C 
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3.105 

A cylinder/piston arrangement contains water at 105°C, 85% quality with a 
volume of 1 L. The system is heated, causing the piston to rise and encounter a 
linear spring as shown in Fig. P3.105. At this point the volume is 1.5 L, piston 
diameter is 150 mm, and the spring constant is 100 N/mm. The heating continues, 
so the piston compresses the spring. What is the cylinder temperature when the 
pressure reaches 200 kPa? 

Solution: 

Pj = 120.8 kPa, v^ = Vf + X Vfg = 0.001047 + 0.85*1.41831 = 1.20661 

m = Vi/vi = 1^20661 ^ 8.288x10"^ kg 

V 2 = Vi (V 2 /Vi)= 1.20661x 1.5 = 1.8099 
& P = Pj = 120.8 kPa (T 2 = 203.5°C) 

^3 = ^2 + (kg/Ap ) m(v 3 -V 2 ) linear spring 

Ap = (ttM) X 0.15^ = 0.01767 m^ ; kg = 100 kN/m (matches P in kPa) 

200 = 120.8 + (100/0.01767 ^ ) x 8.288xl0'V3-l-8099) 

200 = 120.8 + 265.446 (V 3 - 1.8099)=> V 3 = 2.1083 rn/kg 
T 3 = 600 + 100 X (2.1083 - 2.01297)/(2.2443-2.01297) ^ 641°C 



1 1.5 liters 
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3.106 


Refrigerant-12 in a piston/eylinder arrangement is initially at 50°C, x = 1. It is then 
expanded in a proeess so that P = Cv ^ to a pressure of 100 kPa. Find the final 
temperature and speeific volume. 

Solution; 

State 1; 50°C, X = 1 Table B.3.1; = 1219.3 kPa, v^ = 0.01417 m^/kg 


Proeess; Pv = C = P 


ivi; 


=> 


P 2 = C/V2= P 1 V 1 /V 2 


State 2; 100 kPa and V 2 = v^P^/P 2 = 0,1728 m^/kg 


T 2 = -13.2°C from Table B.3.2 


Notiee T not eonstant 
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3.107 

A 1-m^ rigid tank with air at 1 MPa, 400 K is connected to an air line as shown in 
Fig. P3.107. The valve is opened and air flows into the tank until the pressure 
reaches 5 MPa, at which point the valve is closed and the temperature inside is 
450K. 

a. What is the mass of air in the tank before and after the process? 

b. The tank eventually cools to room temperature, 300 K. What is the pressure 
inside the tank then? 


Solution: 


P, T known at both states and assume the air behaves as an ideal gas. 


”^airl RTj 

P2V 


1000 X 1 
0.287 X 400 


_ 5000 X 1 

”^air 2 “ RT. “ 0.287 X 450 


= 8.711 kg 


= 38.715 kg 


Process 2 ^ 3 is constant V, constant mass cooling to T 


P^ = P^ X (T 3 /T 2 ) = 5000 X (300/450) = 3.33 MPa 
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3.108 

Ammonia in a piston/cyUnder arrangement is at 700 kPa, 80°C. It is now eooled at 
eonstant pressure to saturated vapor (state 2) at whieh point the piston is looked with 

a pin. The cooling continues to -10°C (state 3). Show the processes 1 to 2 and 2 to 3 
on both a P-v and T-v diagram. 

Solution: 

State 1: T, P from table B.2.2 this is superheated vapor. 

State 2: T, x from table B.2.1 
State 3: T, v two-phase 
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3.109 

A cylinder has a thick piston initially held by a pin as shown in Fig. P3.109. The 
cylinder contains carbon dioxide at 200 kPa and ambient temperature of 290 K. 
The metal piston has a density of 8000 kg/m^ and the atmospheric pressure is 101 
kPa. The pin is now removed, allowing the piston to move and after a while the 
gas returns to ambient temperature. Is the piston against the stops? 


Solution: 


Force balance on piston determines equilibrium float pressure. 


Piston rrip = Ap X / X p 


Ppiston = 8000 kg/m 


m 


ng Ap X 0.1 X 9.807 X 8000 

^ext on CO. ^ ^0 A.. ^ A„ x 1000 ^ 


2 


P 


P 


Pin released, as P^ > P^^j. piston moves up, T 2 = T^ & if piston at stops. 


then V 2 = X H 2 /H^ = x 150 / 100 


Ideal gas with T 2 = T^ then gives 


P2 = Pi X V^/ ¥2 = 200 X 


^=133kPa>P 
150 ^ext 


^ piston is at stops, and P 2 = 133 kPa 
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3.110 

For a certain experiment, R-22 vapor is contained in a sealed glass tube at 20°C. It is 
desired to know the pressure at this condition, but there is no means of measuring it, 

sinee the tube is sealed. However, if the tube is eooled to -20°C small droplets of 
liquid are observed on the glass walls. What is the initial pressure? 

Solution; 

Control volume; R-22 fixed volume (V) & mass (m) at 20°C 
Proeess; eool to -20°C at constant v, so we assume saturated vapor 

State 2; V 2 = v^ _2o°c ^ 0-092843 m^/kg 

State 1; 20°C, vj = V 2 = 0.092843 m^/kg 

interpolate between 250 and 300 kPa in Table B.4.2 

=> Pi = 291 kPa 
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3.111 

A piston/cylinder arrangement, shown in Fig. P3.111, eontains air at 250 kPa, 
300°C. The 50-kg piston has a diameter of 0.1 m and initially pushes against the 
stops. The atmosphere is at 100 kPa and 20°C. The cylinder now cools as heat is 
transferred to the ambient. 

a. At what temperature does the piston begin to move down? 

b. How far has the piston dropped when the temperature reaches ambient? 

Solution; 


Piston Ap = ^ X 0.1^ = 0.00785 m^ 

Balance forces when piston floats: 

50 X 9.807 

%oat “ ^0 + Ap - 100 + 0.00785 x 1000 

= 162.5 kPa = P 2 = P 3 

To find temperature at 2 assume ideal gas: 





1 

2 



P 2 162.5 

T. = T. X —=573.15 X ^^77^= 372.5 K 


1 P 


1 


250 


b) Process 2 -> 3 is constant pressure as piston floats to T^ = Tq = 293.15 K 
Vt = V. = A„ X H = 0.00785 x 0.25 = 0.00196 m^ = 1.96 L 

2 1 p 


Ideal gas and P 2 = P 3 


=> 


T 3 293 15 

V. =V. x — = 1.96 X 7777 ^ =1.54 L 


T 


372.5 


AH = (V 2 -V 3 )/A = (1.96-1.54) x 0.001/0.00785 = 0.053 m = 5.3 cm 
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3.112 

Air in a tank is at 1 MPa and room temperature of 20°C. It is used to fill an 
initially empty balloon to a pressure of 200 kPa, at whieh point the radius is 2 m 
and the temperature is 20°C. Assume the pressure in the balloon is linearly 
proportional to its radius and that the air in the tank also remains at 20°C 
throughout the proeess. Find the mass of air in the balloon and the minimum 
required volume of the tank. 


Solution: Assume air is an ideal gas. 


Balloon final state: 


V2 = (4/3) n? = (4/3) tt 2^ = 33.51 m^ 


P2V2 

ni2bal- 


200 x 33.51 _ , 

0.287 x 293.15 “^^’^^ 


Tank must have P 2 > 200 kPa => m 2 tank- P 2 ^tank/RT 2 
Initial mass must be enough: mi = m 2 bal + ni 2 tank ^ / R Ti 


pJ Vtank/ R Tj - m2bal + P2^tank / RT 2 


=> 


V 


TANK 


RTm2bal 0.287 x 293.15 x 79.66 ^ 

- - = 8.377 


P1-P2 


1000-200 
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3.113 

A cylinder is fitted with a 10-em-diameter piston that is restrained by a linear spring 
(force proportional to distanee) as shown in Fig. P3.113. The spring foree constant 
is 80 kN/m and the piston initially rests on the stops, with a cylinder volume of 1 L. 
The valve to the air line is opened and the piston begins to rise when the cylinder 
pressure is 150 kPa. When the valve is closed, the cylinder volume is 1.5 L and the 
temperature is 80°C. What mass of air is inside the cylinder? 

Solution: 

Fg = kgAx = kg AV/Ap ; = 1 L = 0.001 m3, Ap = 10.1^ = 0.007854 m^ 

State 2: V 3 = 1.5 L = 0.0015 m3; T 3 = 80°C = 353.15 K 

The pressure varies linearly with volume seen from a foree balance as: 

PAp = Pq Ap + mp g + ks(V - Vo)/Ap 


Between the states 1 and 2 only volume varies so: 

„ „ , ks(V 3 -V 2 ) 80x10^(0.0015 -0.001 

Pt — P., + 9 —150+ 9 

3 2 0.007854^ X 1000 

= 798.5 kPa 



P3V3 

RT 3 


798.5 X 0.0015 
0.287 X 353.15 


= 0.012 kg 
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3.114 

A 500-L tank stores 100 kg of nitrogen gas at 150 K. To design the tank the 
pressure must be estimated and three different methods are suggested. Whieh is 
the most accurate, and how different in percent are the other two? 

a. Nitrogen tables, Table B.6 

b. Ideal gas 

c. Generalized compressibility chart. Fig. D.l 

Solution: 

State 1: 150 K, v = V/m = 0.5/100 = 0.005 m^/kg 

a) Table B.6, interpolate between 3 & 6 MPa with both at 150 K: 

3 MPa: v = 0.01194 m^/kg, 6 MPa : v = 0.0042485 m^/kg 
P= 3 + (0.005-0.01194)x(6-3)/(0.0042485-0.01194) = 5.707 MPa 

b) Ideal gas table A.5: P = ~ ^ ^ 8.904 MPa 

c) TableA.2 T^. = 126.2 K, P^. = 3.39 MPa so T^ = 150/126.2 = 1.189 

Z is a function of P so it becomes trial and error. Start with P = 5.7 MPa 

ZRT 

Pr=1.68 ^ Z = 0.60 ^ P =-= 5342kPa 

r V 

Now repeat finding the proper Z value. 

^ Pr=1.58 ^ Z = 0.62 ^ P = 5520kPa OK 



0.1 1 InPj. 


ANSWER: a) is the most accurate with others off by b) 60% c) 1% 
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3.115 

What is the percent error in pressure if the ideal gas model is used to represent the 
behavior of superheated vapor R-22 at 50°C, 0.03082 m^/kg? What if the 
generalized compressibility chart, Fig. D.l, is used instead (iterations needed)? 

Solution: 

Real gas behavior: P = 900 kPa from Table B.4.2 

Ideal gas constant: R = R/M = 8.31451/86.47 = 0.096155 kJ/kg K 

P = RT/v = 0.096155 x (273.15 + 50) / 0.03082 

= 1008 kPa which is 12% too high 
Generalized chart Fig D.l and critical properties from A.2: 

Tr = 323.2/363.3 = 0.875; P^ = 4970 kPa 

Assume P = 900 kPa => Pj. = 0.181 => Z = 0.905 

V = ZRT/P = 0.905 X 0.096155 x 323.15 / 900 = 0.03125 too high 
Assume P = 950 kPa => Pj. = 0.191 => Z = 0.9 

V = ZRT/P = 0.9 X 0.096155 x 323.15 / 950 = 0.029473 too low 

0.03082 - 0.029437 

P ^ 900 + ( 950 - 900 ) X q o3125 - 0 029437 ^ 
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Linear Interpolation 
3.116 

Find the pressure and temperature for saturated vapor R-12 with v = 0.1 m /kg 
Solution: 

Table B.3.1 Look at the saturated vapor eolumn Vg and it is found between -20° 
C and -15°C. We must then do a linear interpolation between these values. 


T =-20 + [-15-(-20)] 


0.1 -0.10885 
0.09101 -0.10885 


= -20 + 5 X 0.4961 =-17.5°C 


P = 150.9 + (182.6 - 150.9) x 0.4961 = 166.6 kPa 



To understand the interpolation equation look at the smaller and larger 
triangles formed in the figure. The ratio of the side of the small triangle in v as 
(0.10885 - 0.1) to the side of the large triangle (0.10885 - 0.09101) is equal to 
0.4961. This fraction of the total AP = 182.6 - 150.9 or AT = -15 -(-20) is 
added to the lower value to get the desired interpolated result. 
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3.117 

Use a linear interpolation to estimate properties of ammonia to fill out the table 
below 



P [kPa] 

T[°C] 

V [m^/kg] 

X 

a) 

550 



0.75 

b) 

80 

20 



c) 


10 

0.4 



Solution: 

a) Find the pressures in Table B.2.1 that brackets the given pressure. 

550 -515.9 

T = 5 + (10 - 5) 615 2-515 9 = 5 + 5 x 0.341 = 6.7 °C 

Vf = 0.001583 + (0.0016 - 0.001583) 0.341 = 0.001589 m^/kg 

Vg = 0.24299 + (0.20541 - 0.24299) 0.341 = 0.230175 m^/kg 
V = Vf + xvfg = 0.001589 + 0.75(0.230175 - 0.001589) 

= 0.1729 m^/kg 

b) Interpolate between 50 and 100 kPa to get properties at 80 kPa 

80-50 

V = 2.8466 + (1.4153 - 2.8466) 

= 2.8466 + ( - 1.4313) x 0.6 = 1.9878 m^/kg 
x: Undefined 

c) Table B.2.1: v > Vg so the it is superheated vapor. 

Table B.2.2 locate state between 300 and 400 kPa. 

0.4-0.44251 

P - 300 + (400 - 300) Q 32701 _ 0.44251 

= 300 + 100 X 0.368 = 336.8 kPa 
x: Undefined 
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3.118 

Use a linear interpolation to estimate Tsat at 900 kPa for nitrogen. Sketeh by hand 
the curve Psat(T) by using a few table entries around 900 kPa from table B.6.1. Is 
your linear interpolation over or below the actual curve? 

Solution: 

The 900 kPa in Table B.6.1 is located between 100 and 105 K. 

900 - 779.2 

T - 100 + (105 - 100) g 
= 100 + 5 X 0.3955 = 102 K 

The actual curve has a positive second derivative (it curves up) so T is 
slightly underestimated by use of the chord between the 100 K and the 105 K 
points, as the chord is above the curve. 


1467.6 

1084.6 
900 
779.2 



100 105 no 



Sonntag, Borgnakke and van Wylen 


3.119 

Use a double linear interpolation to find the pressure for superheated R-134a at 
13°C with V = 0.3 m^/kg. 

Solution: 

Table B.5.2: Superheated vapor 
At 10°C, 0.3 m^/kg 

0.3 - 0.45608 

P - 50 + (100 - 50) X Q 22527 - 0.45608 “ 

At 20°C, 0.3 m^/kg 

Q 3 _ Q 47287 

P = 50 + (100 - 50) X Q 23392 0 47287 ^ 

Interpolating at 13°C, 

P = 83.8 + (3/10) X (86.2 - 83.8) = 84.5 kPa 

This could also be interpolated as following: 

At 13°C, 50 kPa, v = 0.45608 + (3/10) x 0.0168 

At 13°C, 100 kPa, v = 0.22527 + (3/10) x 0.0087 

Interpolating at 0.3 m /kg. 

P= 50 + (100 - 50) X Q 2332 ^ 


= 0.4611 m^/kg 
= 0.2279 m^/kg 
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3.120 

Find the specific volume of ammonia at 140 kPa and 0°C. 

Solution: 

The state is superheated vapor in Table B.2.2 between 100 and 150 kPa. 

140-100 

V = 1.3136 + (0.8689 - 1.3136) _ 

= 1.3136 + ( - 0.4447) x 0.8 = 0.9578 m^/kg 


3.121 


Find the pressure of water at 200°C and specific volume of 1.5 m-^/kg. 


Solution: 


Table B. 1.1: v > v„ so that it is superheated vapor. 


Table B.1.3: Between 100 kPa and 200 kPa 

P = 100 + (200 - 100) i_08034-2.17226 


= 161.6 kPa 
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Computer Tables 
3.122 

Use the eomputer software to find the properties for water at the 4 states in 
Problem 3.33 

Start the software, cliek the tab for water as the substanee, and elick the 
small ealeulator ieon. Seleet the proper CASE for the given properties. 



CASE 

RESULT 

a) 

1 (T, P) 

Compressed liquid, x = undefined, v = 0.001002 

b) 

5 (P, V) 

Two-phase, T = 151.9°C, x = 0.5321 

c) 

1 (T, P) 

Sup. vapor, x = undefined, v = 0.143 m /kg 

d) 

4 (T, X) 

P = Psat = 8581 kPa, V = 0.01762 m^/kg 
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3.123 

Use the eomputer software to find the properties for ammonia at the 2 states listed 
in Problem 3.37 

Start the software, cliek the tab for eryogenie substances, and click the tab 
for the substance ammonia. Then click the small calculator icon and select the 
proper CASE for the given properties. 

CASE RESUET 

a) 2 (T, v) Sup. vapor, x = undefined, P = 1200 kPa 

b) 4 (T, x) Two-phase, P = 2033 kPa, v = 0.03257 m^/kg 

c) 1 (T, P) Compressed liquid, X = undefined, v = 0.001534 m^/kg 

d) No (v, x) entry so use 4 (T, x) OR 8 (P, x) several times 

T = 19.84°C, P = 853.1 kPa 
T = 19.83°C, P = 852.9 kPa 
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3.124 

Use the eomputer software to find the properties for ammonia at the 3 states listed 
in Problem 3.117 

Start the software, cliek the tab for cryogenic substances, select ammonia 
and click the small calculator icon. Select the proper CASE for the given 
properties. 



CASE 

RESULT 

a) 

8 (P, X) 

T = 6.795°C, v = 0.1719 m^/kg 

b) 

1 (T, P) 

Sup. vapor, x = undefined, v = 1.773 m /kg 

c) 

2 (T, v) 

Sup. vapor, x = undefined, P = 330.4 kPa 
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3.125 

Find the value of the saturated temperature for nitrogen by linear interpolation in 
table B.6.1 for a pressure of 900 kPa. Compare this to the value given by the 
eomputer software. 

The 900 kPa in Table B.6.1 is loeated between 100 and 105 K. 

900 - 779.2 

T - 100 + (105 - 100) g 
= 100 + 5 X 0.3955 = 101.98 K 

The aetual curve has a positive second derivative (it curves up) so T is 
slightly underestimated by use of the chord between the 100 K and the 105 K 
points, as the chord is above the curve. 

From the computer software: 

CASE: 8(P,x) T =-171°C = 102.15 K 
So we notice that the curvature has only a minor effect. 


1467.6 

1084.6 
900 
779.2 



100 105 no 
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3.126 

Write a computer program that lists the states P, T, and v along the process curve 
in Problem 3.111 

State 1: 250 kPa, 300°C = 573 K 
State 2: 162.5 kPa, 372.5 K 
State 3: 162.5 kPa, 293 K 

Since we have an ideal gas the relations among the pressure, temperature and the 

volume are very simple. The process curves are shown in the figure 
below. 
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3.127 

Use the eomputer software to sketch the variation of pressure with temperature in 
Problem 3.41. Extend the curve a little into the single-phase region. 

P was found for a number of temperatures. A small table of (P, T) values were 
entered into a spreadsheet and a graph made as shown below. The 

superheated vapor region is reached at about 140°C and the graph shows a 
small kink at that point. 
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Concept Problems 

3.128 

Cabbage needs to be eooked (boiled) at 250 F. What pressure should the pressure 
cooker be set for? 

Solution; 

If I need liquid water at 250 F I must have a pressure that is at least the saturation 
pressure for this temperature. 

Table F.7.1; 250 F = 29.823 psia. 


3.129 

If I have 1 ft^ of ammonia at 15 psia, 60 F how much mass is that? 
Ammonia Tables F.8: 

F.8.1 Pgjjt = 107.64 psia at 60 F so superheated vapor. 

F.8.2 V = 21.5641 ft^/lbm under subheading 15 psia 

V 1 ft3 

m = — = TTTTTmTTi— = 0.0464 Ibm 

V 21.5641 ftAlbm 


3.130 

For water at 1 atm with a quality of 10% find the volume fraction of vapor. 


This is a two-phase state at a given pressure; 

Table F.7.2; Vf = 0.01 672 ft^/lbm, Vg = 26.8032 ft^/lbm 

From the definition of quality we get the masses from total mass, m, as 

mf = (1 - x) m, mg = x m 

The volumes are 


Vf = mf Vf = (1 - x) m Vf, 
So the volume fraction of vapor is 

V„ V 

Fraction = 


V„ = mg Vg = X m V 


X m V 


g 


V Vg + Vf X m Vg + (1 - x)m Vf 


0.1 X 26.8032 


__ 2.68032 

0.1 X 26.8032 + 0.9 x 0.016 72 “ 2.69537 


= 0.9944 


Notice that the liquid volume is only about 0.5% of the total. We could also have 
found the overall v = Vf + xvfg and then V = m v. 
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3.131 

Locate the state of R-134a at 30 psia, 20 F. Indicate in both the P-v and the T-v 
diagrams the location of the nearest states listed in the printed table F.IO 
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3.132 

Calculate the ideal gas constant for argon and hydrogen based on Table F.l and 
verify the value with Table F.4 


The gas constant for a substance can be found from the universal gas constant 
from table A.l and the molecular weight from Table F.l 


Argon: 



1.98589 _ Btu 

39.948 “ Ibm R 


38.683 


Ibf-ft 

IbmR 


^ R 1-98589 . Btu _ Ibf-ft 

Hydrogen: R-m “ 2.016 -0-98506 15 ^ R“ ^^6.5 


Recall from Table A.l: 1 Btu = 778.1693 Ibf-ft 
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Phase Diagrams 


3.133 

Water at 80 F can exist in different phases dependent on the pressure. Give the 

approximate pressure range in Ibf/in^ for water being in each one of the three 
phases, vapor, liquid or solid. 


Solution; 

The phases can be seen in Fig. 3.7, a sketch 
of which is shown to the right. 

T = 80F = 540R = 300K 
From Fig. 3.7: 

PvL » 4 X 10~^ MPa = 4 kPa = 0.58 psia, 
Pls= 10^ MPa = 145 038 psia 



0 < P < 0,58 psia 

0,58 psia < P < 145 038 psia 

P > 145 038 psia 


VAPOR 

LIQUID 

SOLID(ICE) 
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3.134 

A substance is at 300 Ibf/in.^, 65 F in a rigid tank. Using only the eritical 
properties can the phase of the mass be determined if the substanee is nitrogen, 
water or propane? 


Solution; Find state relative to the eritical point properties, Table F.l 


a) 

b) 

c) 


Nitrogen 492 Ibf/in.^ 227.2 R 
Water 3208 lbf/in.2 1165.1 R 
Propane 616 Ibf/in.^ 665.6 R 



P<Pc 

for all and 

T = 65 F = 65 +459.67 = 525 R 

a) 

N 2 

T » Tc 

Yes gas and P < P^ 

b) 

H 2 O 

T « Tg 

P « P^. so you cannot say 

c) 

C 3 H 8 

T < Tc 

P < P^ you cannot say 
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General Tables 
3.135 

Determine whether water at eaeh of the following states is a eompressed liquid, a 
superheated vapor, or a mixture of saturated liquid and vapor. 

Solution; All cases can be seen from Table F.7.1 

a. 1800 lbf/in.2, 0.03 ft^/lbm 

Vg = 0.2183, Vf = 0.02472 ft^/lbm, so liquid + vapor mixture 

b. 150 lbf/in.2, 320 F: compressed liquid P > Pg^j^(T) = 89.6 Ibf/in^ 

c. 380 F, 3 ft^/lbm; sup. vapor v > v (T) = 2.339 ft^/lbm 

o 
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3.136 

Determine whether water at each of the following states is a compressed liquid, a 
superheated vapor, or a mixture of saturated liquid and vapor. 

Solution; All cases can be seen from Table F.7.1 





2 lbf/in.2, 50 F; 

270 F, 30 lbf/in.2: 

160 F, 10 ft^/lbm 

v„ = 77.22, 


compressed liquid P > ^ 

sup. vapor P < Pgat(T) = 41.85 Ibf/in^ 

v^= 0.0164 ft /Ibm, so liquid + vapor mixture 
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3.137 


Give the phase 

a. 

R-134a 

b. 

R-134a 

c. 

NH 3 

d. 

NH 3 


and the missing property of P, T, v and x. 
T = -10F, P= ISpsia 

P = 50 psia, V = 1.3 ft^/lbm 

T = 120 F, V = 0.9 ft^/lbm 

T = 200 F, V = 11 ft^/lbm 


Solution: 

a. Look in Table F.10.1 at-10 F: P > P^^^t = 16.76 psia 

This state is compressed liquid so x is undefined and 

V = Vf= 0.01173 ft^/lbm 

b. Look in Table F.10.1 close to 50 psia there we see 

V > Vg = 0.95 ft^/lbm so superheated vapor 

Look then in Table F. 10.2 under 50 psia which is not printed so we must 
interpolate between the 40 and 60 psia sections. 

(60 psia, 1.3 ft3/lbm): T = 300 F 

(40 psia, 1.3 ft3/lbm): T = 66.6 F 

Linear interpolation between these gives T = 183 F for a better accuracy 
we must use the computer software. 


c. Look in Table F.8.1 at 120 F: v < Vg = 1.0456 ft^/lbm so two-phase 

P = Pgat = 286,5 psia 

v-Vf 0.9 -0.02836 „„ „ 

X = = = 0,8569 




1.0172 


d. Look in Table F.8.1 at 200 F: v > Vg = 0.3388 ft^/lbm so sup,vapor 

Look in Table F.8.2 start anywhere say at 

15 psia, 200 F there we see v = 27.6 ft^/lbm so P larger 
We can bracket the state between 35 and 40 psia so we get 

11-11.74 

P = 35 + 5 10.2562- 11.74 " ^7.494 psia 
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3.138 

Give the phase and the specifie volume. 

Solution; 

a. R-22 r=-10F, P = 301bf/in.^ Table C.10.1 P < = 31.2 psia 


^ sup.vap. V ^ 1.7439 + (1.7997 - 1.7439) = 1.752 ft^/lbm 


R-22 

r=-iOF, 

R = 40 Ibf/in.^ 

Table C.10.1 Pg^j-= 31.2 psia 

P>P 

^ eompresssed Liquid 

V = v^= 0.01178 ft^/lbm 

H 2 O 

r=280 F, 

P = 35 Ibf/in.^ 

Table C.8.1 P < Pg^^ = 49.2 psia 


^ sup.vap V ^ 21.734 + ( 10.711 -21.734) x( 15/20) = 1.0669 ft^/lbm 
d. NH 3 r=60F, P=15 1bmn.^ TableC.9.1 P^^^ = 107.6psia 

P < Pg^j. ^ sup.vap V = 21.564 ft^/lbm 
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3.139 

A water storage ta nk contains liquid and vapor in equilibrium at 220 F. The 
distance from the bottom of the tank to the liquid level is 25 ft. What is the 
absolute pressure at the bottom of the tank? 


Solution; 


Table F.7.1: Vf= 0.01677 fF/lbm 



_ 32.174 x 25 

“ Vf “ 32.174 X 0.01677 x 144 


= 10.35 Ibf/in 



Since we have a two-phase mixture the vapor pressure is the saturated Pg^t so 

P = Psat + AP = 17.189 + 10.35 = 27.54 Ibf/in^ 
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3.140 

'J 

A sealed rigid vessel has volume of 35 ft and eontains 2 Ibm of water at 200 F. 
The vessel is now heated. If a safety pressure valve is installed, at what pressure 
should the valve be set to have a maximum temperature of 400 F? 

Solution; 

Process: v = V/m = constant 
State 1: v^ = 35/2 = 17.5 ft^/lbm 

from Table F.7.1 
it is 2-phase 

State 2: 400°F, 17.5 ft^/lbm 

Table F.7.2 between 20 

and 40 Ibf/in so interpolate 



P = 32,4 Ibf/in^ (28.97 by software) 
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3.141 

You want a pot of water to boil at 220 F. Flow heavy a lid should you put on the 6 
inch diameter pot when =14.7 psia? 

Solution; 

Table F.7.1 at 220 F : = 17.189 psia 

A = |d2 = | 6 ^ = 28.274 in^ 

Fnet = (Psat “Patm) A = (17.189 - 14.7) (IbF in^) X 28.274 in^ 

= 70.374 Ibf 

Pnet ~ ^lid 8 


^lid Pnet^S 


70.374 Ibf 
32.174 ft/s2 


70.374 X 32.174 lbmft/s2 
32.174 ft/s2 


= 70.374 Ibm 


Some lids are 
clamped on, the 
problem deals with 
one that stays on due 
to its weight. 
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3.142 

Saturated water vapor at 200 F has its pressure deereased to increase the volume by 
10%, keeping the temperature constant. To what pressure should it be expanded? 

Solution; 

V = 1.1 X V = 1.1 X 33.63 = 36.993 ft^/lbm 

Interpolate between sat. at 200 F and sup. vapor in Table F.7.2 at 
200 F, 10 Ibf/in^ P ^ 10.54 Ibf/in^ 
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3.143 


A boiler feed pump delivers 100 ft^/min of water at 400 F, 3000 IbFin.^. What is 
the mass flowrate (Ibm/s)? What would be the pereent error if the properties of 
saturated liquid at 400 F were used in the calculation? What if the properties of 

saturated liquid at 3000 Ibhin. were used? 


Solution; 


Table F.7.3: v = 0.0183 fr/lbm (interpolate 2000-8000 psia) 


100 


. _ 

V “60 x 0.018334 


= 91.07 Ibm/s 


V 


f (400 F) 


= 0.01864 


m = 89.41 Ibm/s error 1,8% 


'^f (3000 lbf/in2) 


0.03475 ft3/lbm 


rii = 47.96 Ibm/s error 47% 
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3.144 

A pressure cooker has the lid screwed on tight. A small opening with A = 0.0075 

in^ is covered with a petcock that can be lifted to let steam escape. How much 
mass should the petcock have to allow boiling at 250 F with an outside 
atmosphere at 15 psia? 


Solution; 

Table F.7.1 at 250 F: = 29.823 psia 

Fnet ^ (Psat “ Patm) ^ ^ (29.823 - 15) psia X 0.0075 in^ 
= 0.111 Ibf 

f^net ~ ^petcock 8 


0.111 Ibf 0.111 X 32.174 lbmft/s2 
mpetcock - Fnet/g “ 32 .1 74 ft/s2 “ 32.174 ft/s2 - 0.111 Ibm 


Some petcocks are 
held down by a 
spring, the problem 
deals with one that 
stays on due to its 
weight. 
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3.145 

A steel tank eontains 14 Ibm of propane (liquid + vapor) at 70 F with a volume of 

0.25 ft . The tank is now slowly heated. Will the liquid level inside eventually 
rise to the top or drop to the bottom of the tank? What if the initial mass is 2 Ibm 
instead of 14 Ibm? 

Solution; 



Constant volume and mass 

V 2 = Vi = V/m = 0.25/14 = 0.01786 ft^/lbm 

V, = 3.2/44.097 = 0.07256 ft^/lbm 

V., < V- so eventually sat. liquid 


^ level rises 

If V 2 = v^ = 0.25/2 = 0.125 > v^ 
Now sat. vap. is reached so level drops 
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Ideal Gas 
3.146 

A cylindrical gas tank 3 ft long, inside diameter of 8 in., is evacuated and then 
fdled with earbon dioxide gas at 77 F. To what pressure should it be charged if 
there should be 2.6 Ibm of earbon dioxide? 


Solution; 


Assume CO., is an ideal gas table F.4 


P = mRTA/ 


= A X L = I (8)2 X 3 X 12 = 1809.6 in-^ 

^ 2.6 x 35.1 X (77 + 459.67) X 12 2 

P- - 324.8 Ibf/in 



Sonntag, Borgnakke and Wylen 


3.147 

A spherical helium balloon of 30 ft in diameter is at ambient T and P, 60 F and 
14.69 psia. Flow much helium does it contain? It can lift a total mass that equals 
the mass of displaced atmospheric air. How much mass of the balloon fabric and 
cage can then be lifted? 



= 1078 Ibm 


m,.o. = m . - m„ = 1078 - 149 = 929 Ibm 

htt air He 
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3.148 


Give the phase and the specific volume for each of the following. 
Solution; 


a. CO 


b. Air 


r=510F 


P = 15 Ibf/in.^ 


Table F.4 


superheated vapor ideal gas 

_ 35.1 X (510 + 459.7) _ . 

V = RT/P =-— tTa - = 3.152 fr/lbm 

75 X 144 


r=68F 


P = 2 atm 


Table F.4 


superheated vapor ideal gas 

_ 53.34 X (68 + 459.7) _ 

V = RT/P = —z—TT ————- = 6,6504 fr/Ihm 

2 X 14.6 X 144 


c. Ar r=300F, P = 301bf/in.^ Table F.4 

Ideal gas; v = RT/P = 38.68 (300 + 459.7) / (30 x 144) = 6.802 ft^/lhm 
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Review Problems 


3.149 


What is the percent error in specific volume if the ideal gas model is used to 
represent the behavior of superheated ammonia at 100 F, 80 Ibf/in.^? What if the 
generalized compressibility chart, Fig. D.l, is used instead? 


Solution; 


Ammonia Table F.8.2 


V = 4.186 ft^/lbm 


RT 90.72 X 559.7 

Ideal gas v = = 4.4076 ft /Ibm 5.3% error 

° r 80 X 144 

Generalized compressibility chart and Table D.4 

Tj. = 559.7/729.9 = 0.767, Pj. = 80/1646 = 0.0486 => Z = 0.96 


V = ZRT/P = 0.96 X 4.4076 = 4.231 ft^/lbm 


1.0% error 
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3.150 

A cylinder is fitted with a 4-in.-diameter piston that is restrained by a linear 
spring (foree proportional to distanee) as shown in Fig. P3.16. The spring foree 
constant is 400 Ibf/in. and the piston initially rests on the stops, with a eylinder 
volume of 60 in.^. The valve to the air line is opened and the piston begins to rise 
when the cylinder pressure is 22 Ibf/in.^. When the valve is closed, the eylinder 
volume is 90 in.^ and the temperature is 180 F. What mass of air is inside the 
cylinder? 


Solution; 

P 2 = 22 Ibf/in^ 

Linear spring; 


= V 2 = 60 in^; Ap = ^ x 4^ = 12.566 in^ 


P =P + 

^3 2 


= 22 + 



V 



P V 
-^ 3^3 


98 X 90 

12 X 53.34 X 639.7 


= 0.02154 Ibm 
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3.151 

A 35 ft^ rigid ta nk has propane at 15 psia, 540 R and connected by a valve to 

another ta nk of 20 ft^ with propane at 40 psia, 720 R. The valve is opened and the 
two tanks come to a uniform state at 600 R. What is the final pressure? 

Solution; 

Propane is an ideal gas (P « P^.) with R = 35.04 ft-lbf/lbm R from Tbl. F.4 


PaVa 

mA 


15 X 35 X 144 
35.04 X 540 


= 3.995 Ibm 



PbVb 

rTb 


40 X 20 X 144 
35.04 X 720 


= 4.566 Ibm 


V2 = VA + VB = 55ft3 


mi = m^ + mg = 8.561 Ibm 



m2RT2 



8.561 X 35.04 x 600 
55 X 144 


= 22,726 psia 
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3.152 

Two ta nk s are connected together as shown in Fig. P3.49, both containing water. 

Tank A is at 30 Ibf/in.^, v = 8 ft^/lbm, F= 40 and tank B contains 8 Ibm at 80 
Ibf/in. 750 F. The valve is now opened and the two come to a uniform state. 
Find the final specific volume. 

Solution: 

Control volume both ta nk s. Constant total volume and mass process. 




B 

sup. vapor 

V _ V 


State Al: (P, v) 
State Bl: (P, T) 


Final state: 



two-phase, m^ = V^/v^ = 40/8 = 5 Ibm 
Table F.7.2: Vg = (8.561 + 9.322)/2 = 8.9415 

Vg = nigVg = 8 X 8.9415 = 71.532 ft^ 

= m^ + mg = 5 + 8 = 13 Ibm 

= Va + Vb = 111.532 ft^ 


V 2 = = 111.532/13 = 8.579 ft^/lbm 
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3.153 

A 35 ft^ rigid ta nk has air at 225 psia and ambient 600 R connected by a valve to 

a piston cylinder. The piston of area 1 ft^ requires 40 psia below it to float, Fig. 
P3.99. The valve is opened and the piston moves slowly 7 ft up and the valve is 
closed. During the process air temperature remains at 600 R. What is the final 
pressure in the tank? 


PaVa 

RT^ 


225 X 35 X 144 
53.34 X 600 


= 35.433 Ibm 


AVa AVbPb 

mB2-mBi- - Rj 


1 X 7 X 40 X 144 
53.34 X 600 


= 1.26 Ibm 


mA 2 = (mB 2 - niBi) = 35.433 - 1.26 = 34.173 Ibm 



mA2RT 

Va 


34.173 X 53.34 x 600 
35 X 144 


= 217 psia 
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3.154 

Give the phase and the missing properties of P, T, v and x. These may be a little 
more difficult if the appendix tables are used instead of the software. 

Solution; 

a. R-22 at r= 50 F, v = 0.6 ft^/lbm; Table F.9.1 

sup, vap, F.9.2 interpolate between sat. and sup. vap at 50 F. 

P ^ 98.73 + (0.6 - 0.5561)(80 -98.73)/(0.708 - 0.5561) = 93.3 Ibf/in^ 

b. H 2 O V = 2 ft^/lbm, X = 0.5; TableF.7.1 

since Vf is so small we find it approximately where Vg = 4 ft^/lbm. 
Vf+Vg = 4.3293 at 330 F, Vf+Vg =3.80997 at 340 F. 

linear interpolation T = 336 F, P = 113 Ibf/in^ 

c. H 2 O r= 150 F, v = 0.01632 ft^/lbm; TableF.7.1, v < Vf 

compr, liquid P = 500 Ibf/in^ 

d. NH 3 r= 80 F, F=13 lbf/in.2 Table F.8.1 P < Psat 

'1 

sup, vap, interpolate between 10 and 15 psia; v = 26,97 ft/Ibm 
V is not linear in P (more like 1/P) so computer table is more accurate. 

e. R-134a v = 0.08 ft^/Ibm, x = 0.5; Table F.10.1 

since Vf is so small we find it approximately where Vg = 0.16 ft^/lbm. 

Vf+Vg = 0.1729 at 150 F, Vf+Vg =0.1505 at 160 F. 
linear interpolation T = 156 F, P = 300 Ibf/in^ 
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3.155 

A pressure cooker (closed tank) contains water at 200 F with the liquid volume 
being 1/10 of the vapor volume. It is heated until the pressure reaches 300 Ibf/in.^. 
Find the final temperature. Has the final state more or less vapor than the initial 
state? 


Solution; 


Process: Constant volume and mass. 
Vr = 


m^v^= Vg/10 = mgVg/10; Table F.7.1: v^= 0.01663, Vg = 33.631 


__mg_ lOmfVf/Vg 10 Vf _ 0.1663 

^1 mg + mf mf+lOmfVf/Vg lOvf+Vg 0.1663 + 33.631 

V 2 = v^ = 0.01663 + X 33.615 = 0.1820 ft^/lbm 
P 2 , +2 ^ T 2 = = 417.43 F 

0.1820 = 0.01890+ x. x 1.5286 


0.00492 


^2 = 0.107 more vapor than state 1. 
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3.156 


Refrigerant-22 in a piston/cyUnder arrangement is initially at 120 F, x = 1. It is 

then expanded in a process so that P = Cv to a pressure of 30 Ibf/in/. Find the 
final temperature and specific volume. 


Solution; 


State 1: Pj = 274.6 Ibf/in^ = 0.1924 ftVlbm 
Process: Pv = C = P^v^ = P^v^ 

State 2; P^ = 30 Ibf/in and on process line (equation). 

v,P, 

V 2 = ^ = 0.1924 X 274.6/30 = 1.761 ft^/lbm 


Table F.9.2 between saturated at -11.71 F and OF: = -8.1 F 
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Compressiblity Factor 
3.157 

A substance is at 70 F, 300 Ibf/in.^ in a 10 ft^ tank. Estimate the mass from the 
compressibility ehart if the substance is a) air, b) butane or e) propane. 
Solution; 


Use Fig. D.l for eompressibility Z and table F.l for eritical properties 


PV 300 x144 x10 815.09 


m = 


ZRT 


530 ZR 


ZR 


Air use nitrogen P = 492 Ibf/in.^; T = 227.2 R 


Pj. = 0.61; Tj. = 2.33; Z = 0.98 


PV 815.09 


815.09 


m = 


ZRT ZR 


0.98x 55.15 


= 15.08 Ibm 


Butane 


P^ = 551 lbf/in.2; = 765.4 R 
Pj. = 0.544; = 0.692; Z = 0.09 


PV 815.09 


815.09 


m = 


ZRT ZR 


0.09x 26.58 


= 340.7 Ibm 


Propane 


P, = 6161bf/in.2; T^ = 665.6 R 
Pj. = 0.487; T^ = 0.796; Z = 0.08 


PV 815.09 


815.09 


m = 


ZRT ZR 


0.08x 35.04 


= 290.8 Ibm 



0.1 
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3.158 

Determine the mass of an ethane gas stored in a 25 ft^ tank at 250 F, 440 Ibf/in.^ 
using the compressibility chart. Estimate the error (%) if the ideal gas model is used. 

Solution 

Table F.l; = ( 250 + 460 )/549.7 = 1.29 and = 440/708 = 0.621 

Figure D.l ^ Z = 0.9 

m = PV/ZRT = 440 x 144 x 25 / (51.38 x 710 x 0.9) = 48.25 Ibm 
Ideal gas Z=1 ^ m = 43.21 Ibm 10% error 
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Concept-Study Guide Problems 

4.1 

The electric company charges the customers per kW-hour. What is that in SI 
units? 

Solution; 


The unit kW-hour is a rate 
multiplied with time. For the 
standard SI units the rate of 
energy is in W and the time is 
in seconds. The integration in 
Eq.4.2I becomes 



I kW- hour = 1000 W x 60 hour x 60 

hour 


-^ = 3 600 000 Ws 

mm 


= 3 600 000 J = 3.6 MJ 
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4.2 

A car engine is rated at 160 hp. What is the power in SI units? 
Solution: 


The horsepower is an older unit for power 
usually used for car engines. The 
conversion to standard SI units is given in 
Table A.l 


1 hp = 0.7355 kW = 735.5 W 
1 hp = 0.7457 kW for the UK horsepower 



160 hp = 160 X 745.7 W = 119 312 W = 119.3 kW 
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A 1200 hp dragster engine has a drive shaft rotating at 2000 RPM. How much 
torque is on the shaft? 


Power is force times rate of displacement as in Eq.4.2 


Power, rate of work 


W = F V = P V = Tco 


We need to convert the RPM to a value for angular velocity co 

2n 2n rad 

CO = RPM X 777“ = 2000 X 77~ = 209.44 


60s 


We need power in watts: 


60s 


1 hp = 0.7355 kW = 735.5 W 


„ . , 1200 hp X 735.5 W/hp 

T - W / to - 209.44 rad/s 


= 4214 Ws = 4214 Nm 
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A 1200 hp dragster engine drives the ear with a speed of 100 km /h. How much 
force is between the tires and the road? 


Power is force times rate of displacement as in Eq.4.2 
Power, rate of work W =FV = PV = Tco 

We need the velocity in m/s: V = 100 x 1000 / 3600 = 27.78 m/s 
We need power in watts: 1 hp = 0.7355 kW = 735.5 W 





27.78 m/s 


m/s 


= 31 771 N = 31.8 kN 


4.5 

Two hydraulic piston/cylinders are connected through a hydraulic line so they 
have roughly the same pressure. If they have diameters of Dj and D 2 = 2D^ 

respectively, what can you say about the piston forces Fj and F 2 ? 

For each cylinder we have the total force as: F = PA^-yj = P tt D /4 

Fl =PAcyi 1 = P7rD^/4 

F 2 = PA^yi 2 = P 7^ D 2/4 = P 7^ 4 D^/4 = 4 Fl 

The forces are the total force 
acting up due to the cylinder 
pressure. There must be other 
forces on each piston to have a 
force balance so the pistons do 
not move. 


F 



2 


cb 


E 
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Normally pistons have a flat head, but in diesel engines pistons can have bowls in 
them and protruding ridges. Does this geometry influence the work term? 


The shape of the surface does not influence the displacement 

dV = A„ dx 

where Ajj is the area projected to the plane normal to the direction of motion. 

Ajj = Aj.yj = n D^/4 

Work is 

dW = F dx = P dV = P An dx = P A^yi dx 
and thus unaffected by the surface shape. 


Semi-spherical 
head is made to 
make room for 
larger valves. 




normal plane 
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4.7 

What is roughly the relative magnitude of the work in the process 1 -2c versus the 
process l-2a shown in figure 4.8? 

By visual inspection the area below the curve l-2c is roughly 50% of the 
rectangular area below the curve l-2a. To see this better draw a straight line from 
state 1 to point f on the axis. This curve has exactly 50% of the area below it. 

4.8 

A hydraulic cylinder of area 0.01 m must push a 1000 kg arm and shovel 0.5 m 
straight up. What pressure is needed and how much work is done? 

F = mg = 1000 kg X 9.81 m/s^ 

= 9810N = PA 

P = F/A = 9810 N/0.01 m^ 

= 981 000 Pa = 981 kPa 

W = /F dx = F Ax = 9810 N X 0.5 m 



= 4905 J 
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4.9 

A work of 2.5 kJ must be delivered on a rod from a pneumatic piston/cyUnder 
where the air pressure is limited to 500 kPa. What diameter cylinder should I have 
to restrict the rod motion to maximum 0.5 m? 


W = /F dx = /P dV = /PA dx = PA Ax = PIAx 


D = 


4W 

ttPAx 


4 X 2.5 kJ 


n X 500 kPa x 0.5 m 


= 0.113 m 


4.10 

Helium gas expands from 125 kPa, 350 K and 0.25 m to 100 kPa in a polytropic 
process with n = 1.667. Is the work positive, negative or zero? 


The boundary work is: W = J'P dV 

P drops but does V go up or down? 

The process equation is: PV*^ = C 

so we can solve for P to show it in a P-V diagram 

P = CV*' 

as n = 1.667 the curve drops as V goes up we see 

^2 > Vj giving dV > 0 

and the work is then positive. 
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4.11 

An ideal gas goes through an expansion proeess where the volume doubles. 
Which process will lead to the larger work output; an isothermal process or a 
polytropic process with n = 1.25? 


The process equation is: PV*^ = C 

The polytropic process with n = 1.25 drops the pressure faster than the isothermal 
process with n = 1 and the area below the curve is then smaller. 



4.12 

Show how the polytropic exponent n can be evaluated if you know the end state 
properties, (Pj, Vj) and (P 2 , V 2 ). 


Polytropic process; PV*^ = C 

Both states must be on the process line: P 2 V 2 = C = PiV” 


Take the ratio to get: 




and then take In of the ratio 


In 


'll 


= ln 




now solve for the exponent n 
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4.13 

A drag force on an object moving through a medium (like a ear through air or a 
submarine through water) is F^j = 0.225 A pV . Verify the unit beeomes Newton. 

Solution: 

Fd = 0.225 A pV^ 

Units = m^ X ( kgW ) x ( vc?l s^ ) = kg m / s^ = N 


4,14 

A foree of 1.2 kN moves a truek with 60 km/h up a hill. What is the power? 


Solution: 


W = F V = 1.2 kN X 60 (km/h) 


= 1.2x 10^x60x 


10-^ Nm 


3600 



= 20 000 W = 20 kW 
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4.15 

Electric power is volts times ampere (P = V i). When a car battery at 12 V is 
charged with 6 amp for 3 hours how much energy is delivered? 

Solution; 

W = / W dt = W At = V i At 

= 12 V X 6 Amp X 3 X 3600 s 
= 777 600 J = 777.6 kJ 

Remark: Volt times ampere is also watts, 1 W = 1 V x 1 Amp. 



4.16 

Torque and energy and work have the same units (N m). Explain the difference. 
Solution; 

Work = force x displacement, so units are N x m. Energy in transfer 
Energy is stored, could be from work input 1 J = 1 N m 
Torque = force x arm static, no displacement needed 
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4.17 

Find the rate of eonduction heat transfer through a 1.5 em thick hardwood board, 
k = 0.16 W/m K, with a temperature difference between the two sides of 20®C. 


One dimensional heat transfer by conduction, we do not know the area so 
we can find the flux (heat transfer per unit area W/m ). 


q = Q/A = k 


Ax 


= 0.16 


W 


20 K 


X 


m K 0.015 m 


= 213 W/m^ 


4.18 

A 2 m^ window has a surface temperature of 15®C and the outside wind is 
blowing air at 2°C across it with a convection heat transfer coefficient of h = 125 
W/m K. What is the total heat transfer loss? 

Solution; 

Q = h A AT = 125 W/m^K x 2 m^ x (15 - 2) K = 3250 W 

as a rate of heat transfer out. 
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4.19 

A radiant heating lamp has a surface temperature of 1000 K with s = 0.8. How 
large a surface area is needed to provide 250 W of radiation heat transfer? 

Radiation heat transfer. We do not know the ambient so let us find the area 
for an emitted radiation of 250 W from the surface 
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Force displacement work 

4.20 

A piston of mass 2 kg is lowered 0.5 m in the standard gravitational field. Find 
the required foree and work involved in the proeess. 

Solution: 

W 

4.21 

An escalator raises a 100 kg bucket of sand 10 m in 1 minute. Determine the total 
amount of work done during the process. 

Solution: 

The work is a force with a displacement and force is constant: F = mg 
W= jFdx = Fjdx = FAx= 100 kg x 9.80665 m/s^ x 10 m = 9807 J 


F = ma = 2 kg X 9.80665 m/s^ = 19,61 N 
= fFdx = Ffdx = FAx= 19.61 N x 0.5 m = 9.805 J 
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4.22 

A bulldozer pushes 500 kg of dirt 100 m with a force of 1500 N. It then lifts the 
dirt 3 m up to put it in a dump truck. How much work did it do in each situation? 


Solution; 

W = IF dx = F Ax 
= 1500 Nx 100 m 
= 150 000J=150kJ 

W = j F dz = j mg dz = mg AZ 

= 500 kg X 9.807 m/s^ x 3 m 
= 14 710 J = 14.7 kJ 
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4.23 

A hydraulic cylinder has a piston of cross sectional area 25 em^ and a fluid 
pressure of 2 MPa. If the piston is moved 0.25 m how much work is done? 

Solution: 

The work is a foree with a displacement and force is constant: F = PA 

W = j F dx = j PA dx = PA Ax 

= 2000 kPa X 25 X 10“^ m^ x 0.25 m = 1,25 kJ 
Units: kPa m^ m = kN m^ m = kN m = kJ 
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Two hydraulic cylinders maintain a pressure of 1200 kPa. One has a cross 

7 7 

sectional area of 0.01 m the other 0.03 m . To deliver a work of 1 kJ to the 
piston how large a displacement (V) and piston motion H is needed for each 
cylinder? Neglect Patm- 

Solution: 


W = j F dx = j P dV = j PA dx = PA* H = PAY 
AY = y= 1200 kPa ^ 


Both cases the height is FI = AV/A 


Hi = 

H2 = 


0.000833 

0.01 

0.000833 


= 0,0833 m 
= 0.0278 m 


0.03 
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4.25 

A linear spring, F = k^{x - Xg), with spring constant = 500 N/m, is stretched 
until it is 100 mm longer. Find the required force and work input. 


Solution: 

F = kg(x - Xg) = 500 X 0.1 = 50 N 
W = J F dx = J* kg(x - Xg)d(x - Xg) = kg(x - Xg)^/2 

= 500-x (0.l2/2)m2 = 2.5 J 
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4.26 

ft 

A nonlinear spring has the force versus displacement relation of F = k^JyX - Xg) . 

If the spring end is moved to from the relaxed state, determine the formula for 
the required work. 

Solution: 

In this case we know F as a function of x and can integrate 

W = /Fdx = J k^g(x - x^f d(x - Xq) = ^ (xi - x^f+1 
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4.27 

The rolling resistance of a car depends on its weight as: F = 0.006 mg. How long 
will a car of 1400 kg drive for a work input of 25 kJ? 

Solution: 

Work is force times distance so assuming a constant force we get 

W = J'Fdx = Fx = 0.006 mgx 

Solve for x 

W _ 25 kJ _ 

^ “ 0.006 mg “ 0.006 x 1400 kg x 9.807 m/s2 “ ™ 
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4.28 

A car drives for half an hour at constant speed and uses 30 MJ over a distance of 
40 km. What was the traction force to the road and its speed? 


Solution: 

We need to relate the work to the foree and distance 


W = /Fdx = Fx 



30 000 000 J 
40 000 m 


= 750N 



40 km „„ km „„ 1000 m _ 

Tmr = 80 = 80 ~ = 22.2 ms 

0.5 h h 3600 s 
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4.29 


The air drag force on a car is 0.225 A pV . Assume air at 290 K, 100 kPa and a 

car frontal area of 4 m driving at 90 km/h. How much energy is used to 
overcome the air drag driving for 30 minutes? 



V = 90 


P _ 100 

RT “ 0.287 x290 ^ 

km 1000 m 

h “ 3600 s 


1.2015 



= 25 m/s 


Ax = V At = 25 X 30 X 60 = 45 000 m 
F = 0.225 A pV^ = 0.225 x4 xl.2015 x25^ 

7 kg m^ 

= 675.8 m2^x^= 676 N 


W = F Ax = 676 N X 45 000 m = 30 420 000 J = 30.42 MJ 
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4.30 


Two hydraulic piston/cylinders are connected with a line. The master cylinder has 

an area of 5 cm creating a pressure of 1000 kPa. The slave cylinder has an area 

of 3 cm . If 25 J is the work input to the master cylinder what is the force and 
displacement of each piston and the work out put of the slave cylinder piston? 

Solution; 

W = jFxdx = jPdv = jPAdx = PAAx 



master “ 


25 

1000x5x10''^ 


= 0.05 m 


AAx = AV = 5 xlO'^^x 0.05 = 2.5 xlO'^ m = AV^laYe = A Ax ^ 
Ax^iave = AV/A = 2.5 x 10'^ / 3 xlO'"^ = 0.0083 33 m 


Fmaster = P A = lOOOx 5 xlO'"^ x 10^ = 500 N 

Fslave =PA= 1000 x10^x3x10''^ = 300N 
Wsiave = F Ax = 300 X 0.08333 = 25 J 



Master 


Slave 
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Boundary work simple 1 step process 
4.31 

A constant pressure piston cylinder contains 0.2 kg water as saturated vapor at 
400 kPa. It is now cooled so the water occupies half the original volume. Find the 
work in the process. 

Solution: 

Table B.1.2 vi= 0.4625 m3/kg = mv^ = 0.0925 m3 

V2 = v^/ 2 = 0.23125 m3/kg V 2 = / 2 = 0.04625 m3 

Process: P = C so the work term integral is 

W = j PdV = P(V 2 -Vi) = 400 kPa x (0.04625 - 0.0925) m3 = -18.5 kJ 
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4.32 

A steam radiator in a room at 25°C has saturated water vapor at 110 kPa flowing 
through it, when the inlet and exit valves are closed. What is the pressure and the 
quality of the water, when it has cooled to 25*^C? How much work is done? 


Solution; Control volume radiator. 

After the valve is closed no more flow, constant volume and mass. 


1: = 1, = 110 kPa 


vi = v„ = 1.566 m3/kg from Table B.1.2 


2;To = 25®C, ? 


Process: 


V 2 = vi = 1.566 m3/kg = [0.001003 + X 2 x 43.359] m^/kg 


X2 


1.566-0.001003 

43.359 


= 0.0361 


State 2 ; T 2 , X 2 From Table B. 1.1 P 2 = Psat = 3.169 kPa 
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4.33 

A 400-L tank A, see figure P4.33, eontains argon gas at 250 kPa, 30®C. Cylinder B, 
having a frietionless piston of sueh mass that a pressure of 150 kPa will float it, is 
initially empty. The valve is opened and argon flows into B and eventually reaches a 

uniform state of 150 kPa, 30°C throughout. What is the work done by the argon? 


Solution: 

Take C.V. as all the argon in both A and B. Boundary movement work done in 
cylinder B against constant external pressure of 150 kPa. Argon is an ideal gas, so 
write out that the mass and temperature at state 1 and 2 are the same 

^Al^A ^ ^ ^ ^2^ ^A 

^B2 " - 0-4 = 0.2667 

2 

1 W 2 = f PextdV = Pext(VB2 ' ^ (0.2667 - 0) = 40 kJ 

1 
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4.34 

A piston cylinder contains air at 600 kPa, 290 K and a volume of 0.01 m^. A 
constant pressure process gives 54 kJ of work out. Find the final volume and 
temperature of the air. 


Solution: 

W = 1P dV = PAY 
AV = W/P =^=0.09m3 

V2 = Vi + AV = 0.01 +0.09 = 0.1 m^ 
Assuming ideal gas, PV = mRT, then we have 



^2 ^2 ^2 0 1 
^Ti=^Ti= ^290 = 2900 K 
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4.35 


Saturated water vapor at 200 kPa is in a eonstant pressure piston cylinder. At this 
state the piston is 0.1 m from the cylinder bottom and cylinder area is 0.25 m^. 
The temperature is then changed to 200®C. Find the work in the process. 

Solution; 

State 1 from B. 1.2 (P, x): vj = Vg = 0.8857 m^/kg (also in B. 1.3) 

State 2 from B. 1.3 (P, T): V 2 = 1.0803 m^/kg 

Since the mass and the cross sectional area is the same we get 


_Z2 , 1.0803 

^2“ VI ""^1 “ 0.8857 


X 0.1 = 0.122 m 


Process: P = C so the work integral is 

W = j PdV = P(V2 - Vi) = PA (h2 - hi) 

W = 200 kPa X 0.25 m2 x (0.122 - 0.1) m = 1.1 kJ 
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4.36 

A cylinder fitted with a frictionless piston eontains 5 kg of superheated refrigerant 
R-134a vapor at 1000 kPa, 140°C. The setup is cooled at constant pressure until 
the R-134a reaches a quality of 25%. Calculate the work done in the process. 

Solution: 

Constant pressure process boundary work. State properties from Table B.5.2 
State 1: v = 0.03150 /kg , 

State 2: V = 0.000871 + 0.25 x 0.01956 = 0.00576 m3/kg 

Interpolated to be at 1000 kPa, numbers at 1017 kPa could have 

been used in which case: v = 0.00566 m^/kg 

1 W 2 = j P dV = P (V 2 -V 1 ) = mP (V 2 -V 1 ) 

= 5 X 1000 (0.00576 - 0.03150) = -128.7 kJ 
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4.37 

Find the specific work in Problem 3.54 for the case the volume is reduced. 

Saturated vapor R-134a at 50®C changes volume at constant temperature. Find the 
new pressure, and quality if saturated, if the volume doubles. Repeat the question 
for the case the volume is reduced to half the original volume. 


Solution; 

R-134a 50®C 

Table B.4.1; v^ = Vg = 0.01512 m^/kg, V 2 = v^ / 2 = 0.00756 m^/kg 
iW 2 = jpdV= 1318.1 kPa (0.00756-0.01512) m3/kg =-9.96 kJ/kg 
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4.38 

A piston/cylinder has 5 m of liquid 20°C water on top of the piston (m = 0) with 

cross-sectional area of 0.1 m , see Fig. P2.57. Air is let in under the piston that rises 
and pushes the water out over the top edge. Find the necessary work to push all the 
water out and plot the process in a P-V diagram. 

Solution: 

Pi = Po + PgH 

= 101.32 + 997 X 9.807 x 5 / 1000 = 150.2 kPa 
AV = Hx A = 5 xO.l =0.5m3 
1 W 2 = AREA = ! P dV = 14 (Pi + Po -Vi) 

= 1/2 (150.2 + 101.32) kPa x 0.5 

= 62.88 kJ 
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4.39 


Air in a spring loaded piston/cylinder has a pressure that is linear with volume, P 
= A + BV. With an initial state of P = 150 kPa, V = 1 L and a final state of 800 
kPa and volume 1.5 L it is similar to the setup in Problem 3.113. Find the work 
done by the air. 

Solution; 

Knowing the process equation: P = A + BV giving a linear variation of 
pressure versus volume the straight line in the P-V diagram is fixed by the twc 
points as state 1 and state 2. The work as the integral of PdV equals the area 
under the process curve in the P-V diagram. 


State 1; Pi = 150kPa Vj = 1 L = 0.001 m^ 
State 2; P 2 = 800 kPa V 2 = 1.5 L = 0.0015 m^ 


i’’ 



2 


Process: P = A + BV linear in V 



1 


1 ^ 

2 (150 + 800) kPa (1.5- 1) x 0.001 m^ = 0.2375 kJ 


V 
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4.40 

Find the specific work in Problem 3.43. 

Saturated water vapor at 200 kPa is in a constant pressure piston cylinder. At this 
state the piston is 0.1 m from the cylinder bottom. How much is this distance if 
the temperature is changed to a) 200 °C and b) 100 ®C. 

Solution: 

Process: P = C ^ w = jpdv= Pi(v-vi) 

State 1: (200 kPa, x = 1) in B. 1.2: = v^ (200 kPa) = 0.8857 m^/kg 

CASE a) 

State a: (200 kPa, 200°C) B.1.3: v^ = 1.083 m^/kg 

iWa = j Pdv = 200(1.0803 - 0.8857) = 38.92 kJ/kg 

CASE b) 

State b: (200 kPa, 100®C) B.1.1: v^, « Vf= 0.001044 m^/kg 

iWb = j PdV = 200(0.001044 - 0.8857) = -176.9 kJ/kg 
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4,41 

A piston/cyUnder contains 1 kg water at 20®C with volume 0.1 m^. By mistake 
someone locks the piston preventing it from moving while we heat the water to 
saturated vapor. Find the final temperature, volume and the process work. 


Solution 


1: vj = V/m = 0.1 m^/1 kg = 0.1 m^/kg 


2: Constant volume: 


V2 = Vg = Vi 


V 2 = Vi = 0.1 m' 

1 W 2 = 1P dV = 0 


0.1 -0.10324 

T-2 - Tsat -210 + 5 0.09361 - 0.10324 


211.7°C 
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4.42 

A piston cylinder contains 1 kg of liquid water at 20°C and 300 kPa. There is a 
linear spring mounted on the piston sueh that when the water is heated the 
pressure reaches 3 MPa with a volume of 0.1 m . 

a) Find the final temperature 

b) Plot the proeess in a P-v diagram. 

c) Find the work in the process. 


Solution; 

Take CV as the water. This is a constant mass: 

m 2 = mi = m ; 

State 1: Compressed liquid, take saturated liquid at same temperature. 

B.1.1: vi = Vf(20) = 0.001002 m3/kg, 

State 2: V 2 = V 2 /m = 0.1/1 = 0.1 m3/kg and P = 3000 kPa from B.1.3 

=> Superheated vapor close to T = 400®C 
Interpolate; T 2 = 404®C 

Work is done while piston moves at linearly varying pressure, so we get 

1 W 2 = IP dV = area = P,^g (V 2 - Vi) = 5 (Pi + P 2 )(V 2 - Vi) 
= 0.5 (300 + 3000)(0.1 - 0.001) = 163.35 kJ 
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4.43 

A piston cylinder contains 3 kg of air at 20”C and 300 kPa. It is now heated up in 
a constant pressure process to 600 K. 

a) Find the final volume 

b) Plot the proeess path in a P-v diagram 

c) Find the work in the process. 


Solution; 

Ideal gas PV = mRT 

State 1; Ti,Pi ideal gas so PiVi=mRTi 

Vi = mR Ti / Pi = 3 X 0.287 x 293.15/300 = 0.8413 m^ 
State 2; T 2 , P 2 = Pi and ideal gas so P 2 V 2 = mRT 2 

V 2 = mR T 2 / P 2 = 3 X 0.287 x 600/300 = 1.722 

=/ PdV = P(V2 -Vi) = 300 (1.722-0.8413) = 264.2 kJ 



V 


V 
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4.44 

A piston cylinder contains 0.5 kg air at 500 kPa, 500 K. The air expands in a 
process so P is linearly decreasing with volume to a final state of 100 kPa, 300 K. 
Find the work in the process. 

Solution: 

Process: P = A + BV (linear in V, decreasing means B is negative) 

From the proeess: = f PdV = AREA = ^ (Pi + P 2 )(V 2 - Vi) 

Vi = mR Ti/ Pi = 0.5 X 0.287 x (500/500) = 0.1435 m^ 

V 2 = mR T 2 / P 2 = 0.5 X 0.287 x (300/100) = 0.4305 m^ 

1 W 2 = IX (500 + 100) kPa x (0.4305 - 0.1435) m^ = 86.1 kJ 
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4.45 

Consider the nonequilibrium proeess deseribed in Problem 3.109. Determine the 
work done by the earbon dioxide in the eylinder during the proeess. 

A eylinder has a thiek piston initially held by a pin as shown in Fig. P3.109. The 
eylinder eontains earbon dioxide at 200 kPa and ambient temperature of 290 K. The 
metal piston has a density of 8000 kg/m^ and the atmospherie pressure is 101 kPa. 

The pin is now removed, allowing the piston to move and after a while the gas returns 
to ambient temperature. Is the piston against the stops? 


Solution: 

Knowing the proeess (P vs. V) and the states 1 and 2 we ean find W. 

If piston floats or moves: 

P = Pjift = Po + pHg = 101.3 + 8000 X 0.1 X 9.807 / 1000 = 108.8 kPa 
Assume the piston is at the stops (sinee P^ > Pjjft piston would move) 

V 2 = Vi X 150 / 100 = (71/4) 0.1^ X O.lx 1.5 = 0.000785x 1.5 = 0.001 1775 m^ 

For max volume we must have P > Pjjft so cheek using ideal gas and constant 
T process: P 2 = Pi Vi/ V 2 = 200/1.5 = 133 kPa > P^ft and piston is at stops. 

1 W 2 = j Piift dV = Pjift (V 2 -Vi) = 108.8 (0.0011775 - 0.000785) 

= 0.0427 kJ 


Remark: The work is determined by the equilibrium pressure, P^ft, and not the 

instantaneous pressure that will accelerate the piston (give it kinetic energy). We 
need to consider the quasi-equilibrium process to get W. 
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4.46 


Consider the problem of inflating the helium balloon, as described in problem 
3.79. For a control volume that consists of the helium inside the balloon 
determine the work done during the filling process when the diameter changes 
from 1 m to 4 m. 


Solution : 


Inflation at constant P = Pq = 100 kPa to = 1 m, then 

P = Pq + C(D*-1D*=D/Di, 

to D 2 = 4 m, P 2 = 400 kPa, from which we find the constant C as: 

400= 100 +C[ (1/4)-(1/4)2] C= 1600kPa 

The volumes are: V = tD 3 => Vi= 0.5236 m^; V 2 = 33.51 m^ 


Wcv = / PdV 


Po(V 2 - Vi) + / C(D 

1 


1 ^ 9 

■^-D ■^)dV 


V = 7D3, 


71 9 71 9 * 9 * 

dV = 7TD^dD = oDi D ^ dD 


Do — 


W 


CV = Po(V2-''i) + 3CV, 


/ 


(D -l)dD 


D, = 


= Po(V2-Vi) + 3CVi[ 


* 9 ^ n 

Di 2-Di 2 


1 sK -| 

--(D 2 -D^)] 


16-1 


100 X (33.51 - 0.5236) + 3 x 1600 x 0.5236 [^- (4-1)] 


= 14 608 kJ 
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Polytropic process 
4.47 

Consider a mass going through a polytropic process where pressure is directly 
proportional to volume (n = - 1). The process start with P = 0, V = 0 and ends with F 
= 600 kPa, F= 0.01 m^. The physical setup could be as in Problem 2.22. Find the 
boundary work done by the mass. 

Solution; 

The setup has a pressure that varies linear with volume going through the 
initial and the final state points. The work is the area below the process curve. 



W = / PdV = AREA 

= |(Pl+P2)(V2-Vi) 

= |(P2 + 0)(V2-0) 

= 2 ^2 V 2 = i X 600 X 0.01 = 3 kJ 
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4.48 


The piston/cylinder shown in Fig. P4.48 contains carbon dioxide at 300 kPa, 
100°C with a volume of 0.2 m . Mass is added at such a rate that the gas 

1 7 

compresses according to the relation PV ' = constant to a final temperature of 
200°C. Determine the work done during the process. 


Solution: 


From Eq. 4.4 for the polytopic process PV^ = const ( n ^ 1 ) 


2 P2V2 - PiVi 

1 W 2 =/PdV = — 

1 


1 -n 


Assuming ideal gas, PV = mRT 


1W2 = 


mR(T2 - Ti) 
1 -n 


But mR = 


PlVi 300 x 0.2 kPa m3 


T 


1 


373.15 


K 


= 0.1608 kJ/K 


1W2 


0.1608(473.2 -373.2) kJK 


1 - 1.2 


K 


= -80.4 kJ 
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4.49 

A gas initially at 1 MPa, 500°C is contained in a piston and cylinder arrangement 

with an initial volume of 0.1 m . The gas is then slowly expanded according to the 
relation PV = constant until a final pressure of 100 kPa is reached. Determine the 
work for this process. 

Solution: 

By knowing the process and the states 1 and 2 we can find the relation 
between the pressure and the volume so the work integral can be performed. 

Process: PV = C ^ V 2 = P 1 V 1 /P 2 = 1000 x 0.1/100 = 1 m^ 

For this process work is integrated to Eq.4.5 

1 W 2 = IP dV = / CV^dV = C ln(V2/Vi) 

V2 

1 W 2 = PiVi ln:^= 1000 X 0.1 In (1/0.1) 

= 230.3 kJ 
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4.50 

Helium gas expands from 125 kPa, 350 K and 0.25 m to 100 kPa in a polytropic 
process with n = 1.667. How much work does it give out? 


Solution: 

Process equation: PV*^ = constant = PiV” = P 2 V 2 

Solve for the volume at state 2 


V2 = Vi (Pi/P2)^^‘' = 0.25x 


fl25 

Uoo 


0.6 


y 


= 0.2852 m^ 


Work from Eq.4.4 


lW2 = 


P 2 V 2 -P 1 V 1 100x 0.2852- 125x 0.25 


1-n 


1 - 1.667 


kPa m^ = 4,09 kJ 
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4.51 

Air goes through a polytropic process from 125 kPa, 325 K to 300 kPa and 500 K. 
Find the polytropic exponent n and the specific work in the process. 


Solution: 


Process: Pv*^ = Const = P^v'j = P 2 V 2 
Ideal gas Pv = RT so 


RT 0.287 X 325 


vi 


P 


125 


= 0.7462 m'^/kg 


V2 


RT 0.287 X 500 ^ . 

— = 0.47833 m^/kg 


P 


300 


From the process equation 


n 


(P 2 /Pi) = (vi/V 2 ) => ln(P 2 /Pi) = nln(vi/v 2 ) 


n = ln(P2/Pi)/ In(vi/V2) = 


In 2.4 
In 1.56 


= 1.969 


The work is now from Eq.4.4 per unit mass 


P 2 V 2 -P 1 V 1 R(T2-Ti) 0.287(500 - 325) 

1-1 969 -51.8 kJ/kg 


1-n 


1-n 


1W2 - 
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4.52 

A piston cylinder contains 0.1 kg air at 100 kPa, 400 K which goes through a 
polytropic compression process with n = 1.3 to a pressure of 300 kPa. How much 
work has the air done in the process? 

Solution: 

Process: Pv" = Const. 

T2 = Ti ( P2 V2 / PiVi) = Ti ( P2 / PiXPi / P2 

= 400 X (300/100/^ ■ = 515.4 K 

Work term is already integrated giving Eq.4.4 

1 W 2 = (P 2 V 2 - PiVi) = ( T 2 - Ti) Since Ideal gas, 

0.2 X 0.287 

= ^ ^ g X (515.4-400) = -477 kJ 

1 
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4.53 

1 /I 

A balloon behaves so the pressure is P = C 2 V , C 2 = 100 kPa/m. The balloon 
is blown up with air from a starting volume of 1 m^ to a volume of 3 m^. Find the 
final mass of air assuming it is at 25®C and the work done by the air. 

Solution; 


The process is polytropic with exponent n = -1/3. 
Pl=C2V^^^ = 100x ll/3 = 100kPa 

P 2 = C 2 = 100 X 3^^^ = 144.22 kPa 



1W2 


=1 


PdV = 


P V - P V 


1 -n 


(Equation 4.4) 


144.22 X 3 - 100 X 1 


1 - (-1/3) 

P 2 V 2 144.22 X 3 


= 249.5 kJ 


mT = 


RT 


0.287 X 298 


= 5.056 kg 










Sonntag, Borgnakke and van Wylen 


4.54 

A balloon behaves sueh that the pressure inside is proportional to the diameter 
squared. It eontains 2 kg of ammonia at 0°C, 60% quality. The balloon and 
ammonia are now heated so that a final pressure of 600 kPa is reached. 
Considering the ammonia as a control mass, find the amount of work done in the 
process. 


Solution; 

Process : P oc D^, with V oc this implies P oc so 

7 1 ^ 

PV' = constant, which is a polytropic process, n = -2/3 

From table B.2.1: = mv^ = 2(0.001566 + 0.6 x 0.28783) = 0.3485 m^ 



= V 


1 




P 




3/2 




= 0.3485 


V 


600 
429.3 


3/2 


= 0.5758 m^ 


/ 


=J 


PdV = 


P V - P V 
^ 2^2 

1 -n 


(Equation 4.4) 


600 X 0.5758 - 429.3 x 0.3485 

1 - (-2/3) 


= 117.5 kJ 
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4,55 

Consider a piston cylinder with 0.5 kg of R-134a as saturated vapor at -10°C. It is 
now compressed to a pressure of 500 kPa in a polytropic process with n = 1.5. Find 
the final volume and temperature, and determine the work done during the process. 


Solution: 

Take CV as the R-134a which is a control mass. 

Process: Pv^'^ = constant until P = 500 kPa 
1:(T, x) vj = 0.09921 m^/kg, P = Psat = 201.7 kPa 


m 2 = mi = m 


from Table B.5.1 


2: (P, process) V2 = Vi (P 1 /P 2 ) = 0.09921x (201.7/500)^^^ = 0.05416 

Given (P, v) at state 2 from B.5.2 it is superheated vapor at T 2 = 79°C 

Process gives P = C v , which is integrated for the work term, Eq.(4.4) 


lW2=IpdV = Y^(P2V2-PlVl) 



X (500 X 0.05416 - 201.7 x 0.09921) = -7.07 kJ 
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4.56 

Consider the proeess described in Problem 3.98. With 1 kg water as a control mass, 
determine the boundary work during the process. 

A spring-loaded piston/cylinder contains water at 500°C, 3 MPa. The setup is such 
that pressure is proportional to volume, P = CV. It is now cooled until the water 
becomes saturated vapor. Sketch the P-v diagram and find the final pressure. 


Solution : 

State 1; Table B.1.3: v^ = 0.11619 m^/kg 
Process: m is constant and P = CqV = Cgm v = C v 

P = Cv ^ C = Pj/vj =3000/0.11619 = 25820 kPakg/m^ 
State 2: X 2 = 1 & P 2 = Cv 2 (on process line) 



Trial & error on 72^^^ or ?2saV 
Here from B.1.2: 

at 2 MPa Vg = 0.09963 ^ C = P/Vg = 20074 (low) 
2.5 MPa Vg = 0.07998 ^ C = P/Vg = 31258 (high) 
2.25 MPa Vg = 0.08875 ^ C = P/Vg = 25352 (low) 


Now interpolate to match the right slope C: 

P 2 = 2270 kPa, V 2 = P 2 /C = 2270/25820 = 0.0879 m3/kg 
P is linear in V so the work becomes (area in P-v diagram) 

1 W 2 = J P dv = ^(Pi + P 2 )(V 2 - vi) 

= |(3000 + 2270)(0.0879 -0.11619) =-74.5kJ/kg 
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4.57 


Find the work for Problem 3.106. 

Refrigerant-12 in a piston/eylinder arrangement is initially at 50°C, x = 1. It is then 
expanded in a proeess so that P = Cv ^ to a pressure of 100 kPa. Find the final 
temperature and speeifie volume. 

Solution; 

Knowing the process (P versus V) and states 1 and 2 allows calculation of W. 
State 1; 50°C, x=l Table B.3.1: P^ = 1219.3 kPa, Vj = 0.01417 m^/kg 


Process: 


P = Cv'^ 


1 W 2 = j P dv = C In 


Z2 

Vl 


same as Eq.4.5 


State 2: 100 kPa and on process curve: V 2 = ’v^P^/P 2 = 0.1728 m /kg 

From table B.3.2 T = - 13.2°C 

The constant C for the work term is P^vi so per unit mass we get 

V 2 Q1728 

1W2 = PiVi 1219.3 X 0.01417 x In q = 43,2 kJ/kg 



Notice T is not constant. It is not an ideal gas in this range. 
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4.58 


A piston/cyUnder contains water at 500°C, 3 MPa. It is cooled in a polytropic 
process to 200°C, 1 MPa. Find the polytropic exponent and the specific work in 
the process. 


Solution: 


Polytropic process: Pv = C 

Both states must be on the process line: P 2 V 2 = C = P^v” 


Take the ratio to get: 


P2 


V2 

Vl 


and then take In of the ratio: 


now solve for the exponent n 


n = In 


'V 

2) 


In 


V 2 I 1.0986 


fPl) fv2\ (^2 

In ^ = In = n In 

IP2J Ivi 


vJ 0.57246 


= 1.919 


1W2 


=J 


P dv = 


V 2 - Pl^l 

1 -n 


(Equation 4.4) 


1000 x 0.20596- 3000 x 0.11619 


1 - 1.919 


= 155.2 kJ 
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4.59 

'I 

Consider a two-part process with an expansion from 0.1 to 0.2 m at a constant 

pressure of 150 kPa followed by an expansion from 0.2 to 0.4 m with a linearly 
rising pressure from 150 kPa ending at 300 kPa. Show the process in a P-V 
diagram and find the boundary work. 

Solution; 

By knowing the pressure versus volume variation the work is found. If we 
plot the pressure versus the volume we see the work as the area below the 
process curve. 



2 3 

1 W 3 = 1 W 2 + 2 W 3 = f PdV + / PdV 

1 2 

= Pl(V 2 -Vi) + |(P 2 + P3)(V3-V2) 

= 150(0.2-1.0) + |(150 + 300)(0.4-0.2) = 15 + 45 = 60 kJ 
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4.60 

A cylinder containing 1 kg of ammonia has an externally loaded piston. Initially the 
ammonia is at 2 MPa, 180°C and is now cooled to saturated vapor at 40°C, and then 
further cooled to 20°C, at which point the quality is 50%. Find the total work for the 
process, assuming a piecewise linear variation of P versus V. 

Solution; 


P 



Statel:(T,P) Table B.2.2 
vi =0.10571 m^/kg 

State 2: (T, x) Table B.2.1 sat. vap. 
P 2 = 1555 kPa, 

V 2 = 0.08313 m^/kg 


State3:(T,x) P 3 = 857kPa, V 3 = (0.001638 + 0.14922)/2 = 0.07543 m^/kg 

Sum the the work as two integrals each evaluated by the area in the P-v 
diagram. 

1 W 3 = J PdV « ( 2 ) - Vi) + ( 2 ) - V 2 ) 

1 


2000+ 1555 
2 


1(0.08313 - 0.10571) + 


1555 + 857 


1(0.07543 -0.08313) 


= -49.4 kJ 


2 
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4.61 

A piston/cylinder arrangement shown in Fig. P4.61 initially contains air at 150 kPa, 

400°C. The setup is allowed to cool to the ambient temperature of 20°C. 

a. Is the piston resting on the stops in the final state? What is the final 

pressure in the cylinder? 

b. What is the specific work done by the air during this process? 


Solution; 

State 1; Pi = 150kPa, Ti = 400°C = 673.2 K 

State 2: T 2 = Tq = 20°C = 293.2 K 

For all states air behave as an ideal gas. 
a) If piston at stops at 2, V 2 = Vi/2 and pressure less than Pjjft = P^ 





= 150 X 2 X 


293.2 

130.7 kPa <Pi 


^ Piston is resting on stops at state 2. 
b) Work done while piston is moving at constant Pg^t = Pi- 


1W2 


= 1 


Pg^t dV = Pi (V 2 - Vi) ; V 2 = I Vi = I m RTi/Pi 


1 W 2 = iW 2 /m = RTi (^ - 1 ) = -| X 0.287 x 673.2 = -96.6 kJ/kg 
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4.62 

A piston cylinder has 1.5 kg of air at 300 K and 150 kPa. It is now heated up in a 
two step proeess. First constant volume to 1000 K (state 2) then followed by a 
constant pressure process to 1500 K, state 3. Find the final volume and the work 
in the process. 

Solution; 


The two proeesses are; 


1 -> 2 ; 
2->3; 


Constant volume V 2 = Vi 
Constant pressure P 3 = P 2 



Use ideal gas approximation for air. 

State 1; T, P => Vi =mRTi/Pi = 1.5x0.287x300/150 = 0.861 m3 
State 2; V 2 = Vi => P 2 = Pi (T 2 /T 1 ) = 150x1000/300 = 500 kPa 

State 3; P 3 =P 2 => V 3 = V 2 (T 3 /T 2 ) = 0.861x1500/1000 = 1.2915 m3 
We find the work by summing along the process path. 

1 W 3 = 1 W 2 + 2 W 3 = 2 W 3 = P 3 (V 3 - V 2 ) 

= 500(1.2915 - 0.861) = 215.3 kJ 
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4.63 

A piston/cylinder assembly (Fig. P4.63) has 1 kg of R-134a at state 1 with 110°C, 
600 kPa, and is then brought to saturated vapor, state 2, by cooling while the 
piston is locked with a pin. Now the piston is balanced with an additional constant 
force and the pin is removed. The cooling continues to a state 3 where the R-134a 
is saturated liquid. Show the processes in a P-V diagram and find the work in 
each of the two steps, 1 to 2 and 2 to 3. 


Solution ; 

CV R-134a This is a control mass. 

Properties from table B.5.1 and 5.2 

State 1: (T,P) B.5.2 => v = 0.04943 m3/kg 

State 2: given by fixed volume V 2 = v^ andx 2 = 1.0 so from B.5.1 

V 2 = vi = Vg = 0.04943 m3/kg => T=10°C 

State 3 reached at constant P (F = constant) V 3 = Vf = 0.000794 m3/kg 



Since no volume change from 1 to 2 => lW 2 = 0 

2 W 3 = jP dV = P(V 3 -V 2 ) = mP(v 3 -V 2 ) Constant pressure 
= 415.8 (0.000794 - 0.04943) 1 = -20.22 kJ 
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4.64 


The refrigerant R-22 is eontained in a piston/eylinder as shown in Fig. P4.64, 
where the volume is 11 L when the piston hits the stops. The initial state is -30°C, 
150 kPa with a volume of 10 L. This system is brought indoors and warms up to 
15°C. 

a. Is the piston at the stops in the final state? 

b. Find the work done by the R-22 during this process. 

Solution; 

Initially piston floats, V < V^top so the piston moves at constant Pg^t = Pi until it 
reaches the stops or 15°C, whichever is first. 

a) From Table B.4.2: v^ = 0.1487 m^/kg, 


m = V/v = 


0.010 

0.1487 



0.06725 kg 



Check the temperature at state la: P^jj =150 kPa, v = V^top/m. 

Via = V/m = Q Q5y25 = 0-16357 m3/kg => T^^ =-9°C & T 2 = 15°C 

Since T 2 > Ti^ then it follows that P 2 > Pi and the piston is against stop, 
b) Work done at constant Pg^t = Py 

1 W 2 = j Pext dV = Pgxt(V2 - Vi) = 150(0.011 - 0.010) = 0.15 kJ 
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4.65 

A piston/cylinder contains 50 kg of water at 200 kPa with a volume of 0.1 m^. 
Stops in the eylinder restricts the enelosed volume to 0.5 m^, similar to the setup 
in Problem 4.7. The water is now heated to 200°C. Find the final pressure, 
volume and the work done by the water. 


Solution; 


Initially the piston floats so the equilibrium 
lift pressure is 200 kPa 

1; 200 kPa, vi= 0.1/50 = 0.002 m3/kg, 

2; 200°C, online 

Check state 1 a: 

Vgtop = 0.5/50 = 0.01 m3/kg 





2 

la 



=> 

Table B.1.2: 200 kPa , Vf < v^t^p < Vg 

State la is two phase at 200 kPa and T^t^p w 120.2 °C so as T 2 > Tg^gp the 
state is higher up in the P-V diagram with 

''2^'^stop <Vg = 0.127 m3/kg (at 200°C) 

State 2 two phase => P 2 = Psat(T2) ^ 1"554 MPa, V 2 = Vg^Qp = 0,5 m3 
1 W 2 = iWstop = 200 (0.5 - 0.1) = 80 kJ 
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4.66 

Find the work for Problem 3.108. 

Ammonia in a piston/cyUnder arrangement is at 700 kPa, 80°C. It is now cooled at 
constant pressure to saturated vapor (state 2) at which point the piston is locked with 
a pin. The cooling continues to -10°C (state 3). Show the processes 1 to 2 and 2 to 3 
on both a P-v and T-v diagram. 

Solution ; 




1 W 3 = 1 W 2 + 2 W 3 = / PdV = Pi(V 2 - Vi) = mPi(v 2 - vi) 

1 

Since constant volume from 2 to 3, see P-v diagram. From table B.2 
Vi = 0.2367 m^/kg, P^ = 700 kPa, V2 = v =0.1815 m^/kg 

o 

1W3 = Pi(v 2 - Vi) = 700 X (0.1815 - 0.2367) = -38.64 kJ/kg 
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4.67 

A piston/cylinder contains 1 kg of liquid water at 20°C and 300 kPa. Initially the 
piston floats, similar to the setup in Problem 4.64, with a maximum enelosed 
volume of 0.002 m^ if the piston touches the stops. Now heat is added so a final 
pressure of 600 kPa is reaehed. Find the final volume and the work in the proeess. 

Solution; 


Take CV as the water which is a control mass: m 2 = m^ = m ; 

Table B. 1.1; 20°C => P =2.34kPa 

sat 

State 1: Compressed liquid v = Vf(20) = 0.001002 m^/kg 

State la: v^^^p = 0.002 m^/kg , 300 kPa 

State 2: Since P 2 = 600 kPa > Py^^ then piston is pressed against the stops 


V 2 = v^j^p = 0.002 m3/kg and V = 0.002 m 


For the given P ; v^<v<Vg so 2-phase T = T^at = 158.85 °C 
Work is done while piston moves at Py^ = eonstant = 300 kPa so we 




X 300(0.002 - 0.001002) = 0.30 kJ 
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4.68 

10 kg of water in a piston cylinder arrangement exists as saturated liquid/vapor at 
100 kPa, with a quality of 50%. It is now heated so the volume triples. The mass 
of the piston is such that a cylinder pressure of 200 kPa will float it. 

a) Find the final temperature and volume of the water. 

b) Find the work given out by the water. 


Solution; 


Take CV as the water 


m 2 = m^ = m; 


Process: v = constant until P = Pjjf^ then P is constant. 

State 1; v^ = Vf + x Vfg = 0.001043 + 0.5 x 1.69296 = 0.8475 m^/kg 

State 2: V 2 , P 2 ^ Piift => ^2 = 3 x 0.8475 = 2.5425 m^/kg; 


T 2 = 829°C ; V 2 = m V 2 = 25.425 m 


1W2 


= jpdV = Piiftx(V2-Vi) 


3/1 _ 


= 200 kPa X 10 kg X (2.5425 - 0.8475) m^/kg = 3390 kJ 



Po 



cb 



□ 

H20 

t: 
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4.69 

Find the work in Problem 3.43. 

Ammonia at 10®C with a mass of 10 kg is in a piston cylinder arrangement with 
an initial volume of 1 m^. The piston initially resting on the stops has a mass such 
that a pressure of 900 kPa will float it. The ammonia is now slowly heated to 
50®C. Find the work in the process. 

C.V. Ammonia, constant mass. 

Process; V = constant unless P = Ppoat 


State 1: T=10®C, v^ =“ = ^ = 0.1 m^/kg 

From Table B.2.1 Vf < v < Vg 
xi = (v - Vf)/Vfg = (0.1 - 0.0016)/0.20381 
= 0.4828 




State la: P = 900 kPa, v = vi = 0.1<Vg at900kPa 

This state is two-phase Tj^ = 21.52®C 
Since T 2 > then V 2 > v^^ 


State 2: 50®C and on line(s) means 900 kPa which is superheated vapor. 

From Table B.2.2 linear interpolation between 800 and 1000 kPa: 
V 2 = 0.1648 m3/kg, V 2 = mv2 = 1.648 m3 

1 W 2 = 1P dV = Pfloat (V 2 - Vi) = 900 (1.648 - 1.0) = 583.2 kJ 
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4.70 

A piston cylinder setup similar to Problem 4.68 eontains 0.1 kg saturated liquid and 
vapor water at 100 kPa with quality 25%. The mass of the piston is such that a 
pressure of 500 kPa will float it. The water is heated to 300°C. Find the final 
pressure, volume and the work, 1 W 2 . 

Solution; 

Take CV as the water; m 2 = m^ = m ^ P 

Proeess; v = constant until P = Pjjf^ 

To locate state 1; Table B.1.2 
VI = 0.001043 + 0.25x1.69296 = 0.42428 m3/kg 
la; v^jj = v^ = 0.42428 m^/kg > Vg at 500 kPa 

so state la is Sup.Vapor Tj^^ = 200°C 

State 2 is 300°C so heating eontinues after state la to 2 at constant P => 

2;T2, P2 = Puft => TblB.1.3 V 2 =0.52256 m3/kg ; 

V 2 = mv2 = 0,05226 m3 

1 W 2 = Piift (V 2 - Vi) = 500(0.05226 - 0.04243) = 4,91 kJ 
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Other types of work and general concepts 


4.71 

A 0.5-m-long steel rod with a 1-em diameter is stretched in a tensile test. What is 
the required work to obtain a relative strain of 0.1%? The modulus of elasticity of 

steel is 2 X 10^ kPa. 


Solution ; 


1W2 

1W2 


AELq 

(e)2, 

78.54x10'^ 


A = f(0.01) 

X 2x10^ X 0.5 
2 


2 = 78.54 X 10'^ 
(10'2)2 = 3.93 J 
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4.72 

A copper wire of diameter 2 mm is 10 m long and stretched out between two 
posts. The normal stress (pressure) a = E(L - Lq)/Lq , depends on the length L 

versus the unstretched length Lq and Young’s modulus E = 1.1 x 10^ kPa. The 

foree is E = Aa and measured to be 110 N. How mueh longer is the wire and how 
much work was put in? 

Solution: 

E = As = A E AL/ Eq and AL = EE^ /AE 


A = |d 2 = I X 0.002^ =3.142x10'^ m2 


AE = 


no xio 


3.142x10'^ xl.l xlO^xlO^ 


= 0,318 m 


X 


1 W 2 = jEdx = jAsdx = j AE ~ dx 


E 


o 


AE 


E 


14 x2 where x = E - E 


o 


o 


3.142x10-^x1.1 xlO^xlO^ 

10 


X 1/2x0.3182 = 17.47 J 
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4.73 

A film of ethanol at 20°C has a surface tension of 22.3 mN/m and is maintained 
on a wire frame as shown in Fig. P4.73. Consider the film with two surfaces as a 
control mass and find the work done when the wire is moved 10 mm to make the 
film 20 X 40 mm. 

Solution : 

Assume a free surface on both sides of the frame, i.e., there are two surfaces 
20 X 30 mm 

W = -/ 5dA =-22.3x10'^ X 2(800-600)x 10'^ 

= -8.92x10'^ J = -8.92 |uJ 
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4.74 

Assume a balloon material with a constant surface tension of S = 2 N/m. What is 
the work required to stretch a spherical balloon up to a radius of r = 0.5 m? 
Neglect any effect from atmospheric pressure. 


Assume the initial area is small, and that we have 2 surfaces inside and out 


W = -j S dA = -S (A2 - Ai) 

= - S(A 2 ) = -S( 2x TT D 2 ) 

= -2x2x7t:x 1 = -12.57 J 
Win = -W = 12,57 J 
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4.75 

A soap bubble has a surface tension of S = 3 x 10"^ N/cm as it sits flat on a rigid 
ring of diameter 5 cm. You now blow on the film to create a half sphere surface of 
diameter 5 cm. How much work was done? 

1 W 2 =jF dx = jS dA =SAA 

TC TC o 

= 2xSx(2D2-^d2) 

= 2 X 3 X lO'"^ X 100 X 1 0.052 ( 0 5 ) 

= 1.18 X lO'"' J 
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4.76 


Assume we fill a spherieal balloon from a bottle of helium gas. The helium gas 

provides work j PdV that stretehes the balloon material j S dA and pushes baek 

the atmosphere j Pq dV. Write the ineremental balanee for dWjjgUm^j = dW^t^g^gj^ + 
dWjjtm to establish the eonneetion between the helium pressure , the surfaee 
tension S and Pg as a funetion of radius. 


WHe = IP dV = j S dA + j Pq dV 


dWHe = P dV = S dA + Pq dV 


dV = d( |D3) = |x3D2dD 
dA = d(2x7T:x D^) = 2n (2D) dD 

PIdD = S (47r)D dD + D^ dD 

Pfle “ Pq ^ j) 
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4.77 

A sheet of rubber is stretched out over a ring of radius 0.25 m. I pour liquid water 

at 20®C on it so the rubber forms a half sphere (cup). Neglect the rubber mass and 
find the surface tension near the ring? 


Solution: 

Ft = F^ ; fT=SL 


The length is the perimeter, 27T:r, and there is two surfaces 


S X 2 X 27T:r 


= mH2o g = PH2 o Vg = Ph2oX 


1 


3 „_ 


2 


J^n(2v) g = pH2oX7^3i' 




1 2 

PH2o 6^ g 


= 991 0.25^ 


X 9.81 = 101.9 N/m 
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4.78 

Consider a window-mounted air eonditioning unit used in the summer to cool 
incoming air. Examine the system boundaries for rates of work and heat transfer, 
including signs. 

Solution : 

Air-conditioner unit, steady operation with no change of temperature of AC unit. 



- electrical work (power) input operates unit, 

+Q rate of heat transfer from the room, 

a larger -Q rate of heat transfer (sum of the other two energy rates) out to 
the outside air. 
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4.79 

Consider a hot-air heating system for a home. Examine the following systems for 
heat transfer. 

a) The eombustion ehamber and eombustion gas side of the heat transfer area. 

b) The furnaee as a whole, including the hot- and cold-air ducts and chimney. 


Solution: 

a) Fuel and air enter, warm products of the combustion exit, large -Q to the 
air in the duct system, small -Q loss directly to the room. 


b) Fuel and air enter, warm products exit through the chimney, cool air into 
the cold air return duct, warm air exit hot-air duct to heat the house. Small 
heat transfer losses from furnace, chimney and ductwork to the house. 
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4.80 

Consider a household refrigerator that has just been filled up with room- 
temperature food. Define a eontrol volume (mass) and examine its boundaries for 
rates of work and heat transfer, ineluding sign. 

a. Immediately after the food is plaeed in the refrigerator 

b. After a long period of time has elapsed and the food is eold 
Solution: 

I. C.V. Food. 

a) short term.: -Q from warm food to eold refrigerator air. Food eools. 

b) Long term: -Q goes to zero after food has reaehed refrigerator T. 

II. C.V. refrigerator spaee, not food, not refrigerator system 

a) short term: +Q from the warm food, +Q from heat leak from room into 
eold spaee. -Q (sum of both) to refrigeration system. If not equal the 
refrigerator spaee initially warms slightly and then eools down to preset T. 

b) long term: small -Q heat leak balaneed by -Q to refrigeration system. 

Note: For refrigeration system CV any Q in from refrigerator spaee plus 
eleetrical W input to operate system, sum of whieh is Q rejected to the room. 
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4.81 

A room is heated with an electrie space heater on a winter day. Examine the 
following control volumes, regarding heat transfer and work , including sign. 

a) The space heater. 

b) Room 

c) The space heater and the room together 
Solution: 

a) The space heater. 

Electrical work (power) input, and equal (after system warm up) Q out to the 
room. 

b) Room 

Q input from the heater balances Q loss to the outside, for steady (no 
temperature change) operation. 

c) The space heater and the room together 

Electrical work input balances Q loss to the outside, for steady operation. 
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Rates of work 


4.82 

An escalator raises a 100 kg bucket of sand 10 m in 1 minute. Determine the rate 
of work done during the process. 


Solution: 

The work is a force with a displacement and force is constant: F = mg 

W= jpdx = Fjdx = FAx= 100 kg x 9.80665 m/s^ x 10 m = 9807 J 
The rate of work is work per unit time 



9807 J 
60s 


= 163 W 
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4.83 

A car uses 25 hp to drive at a horizontal level at eonstant 100 km/h. What is the 
traetion foree between the tires and the road? 


Solution: 

We need to relate the rate of work to the foree and veloeity 


dW = F dx 


dW ^dx 
=> = W = F “TT = FV 


dt 


dt 


F = W/V 


W = 25 hp = 25 X 0.7355 kW = 18.39 kW 
V = 100 X = 27.78 m/s 
F = W / V = (18.39 / 27.78) kN = 0.66 kN 


Units: 


kW / (ms = kW s m ^ = kJ s ^s m ^ = kN m m ^ = kN 
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4.84 

A piston/cyUnder of cross sectional area 0.01 m maintains constant pressure. It 

contains 1 kg water with a quality of 5% at 150®C. If we heat so I g/s liquid turns 
into vapor what is the rate of work out? 


^vapor ^vapor ’ ^liq ^liq 

mtot = constant = m^apor muq 

^tot “ ^vapor ^liq 

^vapor 


m 


tot 


= 0 = m 


vapor 


+ 


niliq 


niliq 



^vapor ^liq ^vapor^g ^liq^f 


« « 

^vapor ('^g" ) ~ ^^vapor '^fg 


W = PV =PmyaporVfg 

= 475.9 X 0.001 X 0.39169 = 0.1864 kW 
= 186W 
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4.85 

A crane lifts a bucket of cement with a total mass of 450 kg vertically up with a 
constant velocity of 2 m/s. Find the rate of work needed to do that. 

Solution: 

Rate of work is force times rate of displacement. The force is due to gravity (a 
= 0) alone. 

W = FV = mg X V = 450 kg x 9.807 ms~^ x 2 ms~^ = 8826 J/s 

W = 8.83 kW 
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4.86 

Consider the car with the rolling resistance as in problem 4.27. How fast can it 
drive using 30 hp? 


F = 0.006 mg 

Power =FxV =30hp = W 


V = W/F = 


W 


30 x0.7457 xl000 


0.006 mg 0.006 x1200 x9.81 


= 271.5 m/s 


Comment: This is a very high velocity, the rolling resistance is low relative to the 

air resistance. 
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4.87 


Consider the car with the air drag force as in problem 4.29. How fast can it drive 
using 30 hp? 


1 P 


100 


P 


V RT 0.287 x290 


= 1.2015“^ and A = 4 


m 


2 


Drag force: = 0.225 A p V 

Power for drag force: = 30 hp x 0.7457 = 22.371 kW 


W 


drag 


Fdrag V = 0.225 X 4 X 1.2015 x 


= Wdrag /(0.225 X 4 X 1.2015) = 20 688 


V = 27.452 m/s = 27.452 x 


3600 

^QQQ = 98,8 km/h 
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4.88 

Consider a 1400 kg car having the rolling resistance as in problem 4.27 and air 
resistance as in problem 4.29. How fast can it drive using 30 hp? 

Ftot = Frolling + Fair = 0-006 mg + 0.225 ApV^ 

m = 1400 kg , A = 4 m^ 

p = P/RT= 1.2015 kg/m^ 

W = FV = 0.006 mgV + 0.225 pAV^ 

Nonlinear in V so solve by trial and error. 

W = 30 hp = 30 X 0.7355 kW = 22.06 kW 

= 0.0006 X 1400 X 9.807 V + 0.225 x 1.2015 x 4 

= 82.379V + 1.08135 

V = 25m/s ^ W= 18 956W 

V = 26m/s W = 21148W 

V = 27 m/s W = 23508 W 

Linear interpolation 

V = 26.4 m/s = 95 km/h 
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4.89 

A battery is well insulated while being eharged by 12.3 V at a eurrent of 6 A. 
Take the battery as a control mass and find the instantaneous rate of work and the 
total work done over 4 hours. 


Solution ; 

Battery thermally insulated ^ Q = 0 
For constant voltage E and current i, 

Power = Ei= 12.3 x 6 = 73.8 W [Units V x A = W] 

W = j power dt = power At 

= 73.8 X 4 X 60 X 60 = 1 062 720 J = 1062.7 kJ 
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4.90 

A current of 10 amp runs through a resistor with a resistanee of 15 ohms. Find the 
rate of work that heats the resistor up. 

Solution; 

W = power = £ i = R i^ = 15 X 10 X 10 = 1500 W 
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4.91 

A pressure of 650 kPa pushes a piston of diameter 0.25 m with V = 5 m/s. What is 
the volume displacement rate, the force and the transmitted power? 

A = I= 0.049087 m^ 

V = AV = 0049087 m^ x 5 m/s = 0.2454 m^/s 
W = power = F V = P V = 650 kPa X 0.2454 m^/s = 159.5 kW 
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4.92 

Assume the process in Problem 4.37 takes place with a constant rate of change in 
volume over 2 minutes. Show the power (rate of work) as a function of time. 

Solution; 

W = j P dV since 2 min =120 secs 
W = P (AV / At) 

(AV / At) = 0.3 / 120 = 0.0025 m^/s 
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4.93 

Air at a constant pressure in a piston eyUnder is at 300 kPa, 300 K and a volume 
of 0.1 m^. It is heated to 600 K over 30 seeonds in a proeess with eonstant piston 
veloeity. Find the power delivered to the piston. 

Solution: 

Proeess: P = eonstant: dW = P dV => W = PV 

V 2 = Vix (T 2 /T 1 ) = 0.1 X (600/300) = 0.2 
W = P (AV / At) = 300 X (0.2-0.l)/30 = 1 kW 
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4.94 

A torque of 650 Nm rotates a shaft of diameter 0.25 m with co = 50 rad/s. What 
are the shaft surfaee speed and the transmitted power? 

Solution: 

V = cor = coD/2 = 50 x 0.25 / 2 = 6,25 m/s 

Power = Tco = 650 x 50 Nm/s = 32 500 W = 32,5 kW 
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Heat Transfer rates 
4.95 

The sun shines on a 150 m road surface so it is at 45°C. Below the 5 cm thick 
asphalt, average conductivity of 0.06 W/m K, is a layer of compacted rubbles at a 
temperature of 15°C. Find the rate of heat transfer to the rubbles. 

Solution : 

This is steady one dimensional conduction through the asphalt layer. 
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4.96 

A pot of steel, conductivity 50 W/m K, with a 5 mm thick bottom is filled with 
15°C liquid water. The pot has a diameter of 20 cm and is now placed on an 
electric stove that delivers 250 W as heat transfer. Find the temperature on the 
outer pot bottom surface assuming the inner surface is at 15°C. 

Solution : 

Steady conduction through the bottom of the steel pot. Assume the inside 
surface is at the liquid water temperature. 

AT 

Q = kA — ^ AT = QAx/kA 

AT = 250 X 0.005/(50 x | x 0.2^) = 0.796 
T = 15 +0.796 ^15.8°C 
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4.97 

A water-heater is covered up with insulation boards over a total surface area of 3 

m . The inside board surface is at 75°C and the outside surface is at 20°C and the 
board material has a conductivity of 0.08 W/m K. How thick a board should it be 
to limit the heat transfer loss to 200 W ? 

Solution : 


Steady state conduction through a single layer 
board. 


Q cond — k A 


Ax 


Ax = k A AT/Q 


Ax = 0.08 X 3 X 


75-20 

200 


= 0,066 m 
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4.98 

You drive a car on a winter day with the atmospheric air at -15°C and you keep 
the outside front windshield surface temperature at +2°C by blowing hot air on 

the inside surface. If the windshield is 0.5 m and the outside convection 

coefficient is 250 W/m K find the rate of energy loos through the front 
windshield. For that heat transfer rate and a 5 mm thick glass with k = 1.25 W/m 
K what is then the inside windshield surface temperature? 


Solution : 


The heat transfer from the inside must match the loss on the outer surface 
to give a steady state (frost free) outside surface temperature. 

Qeonv = hAAT = 250 x 0.5 x [2-(-15)] 

= 250 x 0.5 x 17 = 2125 W 
This is a substantial amount of power. 


Q 


cond 


= k A 


Ax 


Q 

AT = j^Ax 


AT = 


2125 W 


1.25 W/mKx 0.5 m2 


0.005 m= 17 K 


Tin = Tnnt + AT = 2 + 17 = 19°C 
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4.99 

A large condenser (heat exchanger) in a power plant must transfer a total of 100 
MW from steam running in a pipe to sea water being pumped through the heat 
exchanger. Assume the wall separating the steam and seawater is 4 mm of steel, 
conductivity 15 W/m K and that a maximum of 5°C difference between the two 
fluids is allowed in the design. Find the required minimum area for the heat 
transfer neglecting any convective heat transfer in the flows. 


Solution ; 

Steady conduction through the 4 mm steel wall. 



k A 


Ax 


A = Q Ax / kAT 


A= lOOx 10^ X 0.004/(15 X 5) = 480 


Condensing 

water 

V 




water 
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4.100 

The black grille on the back of a refrigerator has a surface temperature of 35°C with a 

total surface area of 1 m . Heat transfer to the room air at 20°C takes place with an 

average convective heat transfer coefficient of 15 W/m K. How much energy can be 
removed during 15 minutes of operation? 

Solution : 

Q = hA AT; Q = Q At = hA AT At 
Q = 15 X 1 X (35-20) X 15 X 60 = 202500 J = 202,5 kJ 
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4.101 

Due to a faulty door contact the small light bulb (25 W) inside a refrigerator is 
kept on and limited insulation lets 50 W of energy from the outside seep into the 
refrigerated space. How much of a temperature difference to the ambient at 20°C 

must the refrigerator have in its heat exchanger with an area of 1 m and an 

average heat transfer coefficient of 15 W/m K to reject the leaks of energy. 

Solution : 


Q tot = 25 + 50 = 75 W to go out 
Q = hAAT= 15 X 1 X AT = 75 
AT = Q/hA = 75/(15x1) = 5 °C 
OR T must be at least 25 °C 
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4.102 

The brake shoe and steel drum on a oar oontinuously absorbs 25 W as the oar 

slows down. Assume a total outside surface area of 0.1 m with a convective heat 

transfer coefficient of 10 W/m K to the air at 20°C. How hot does the outside 
brake and drum surface become when steady conditions are reached? 

Solution ; 


Q = hAAT ^ AT = Q / hA 
AT = ( Tbrake - 20 ) = 25/(10 x 0.1) = 25 °C 
Tbrake = 20 + 25 = 45°C 
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4.103 

A wall surface on a house is at 30°C with an emissivity of 8 = 0.7. The 
surrounding ambient to the house is at 15°C, average emissivity of 0.9. Find the 
rate of radiation energy from eaeh of those surfaces per unit area. 

Solution : 

Q/A = sgAT"^, ( 3 = 5.61 xlO”^ 

a) Q/A = 0.7 X 5.67 x 10’^ x ( 273.15 + 30/ = 335 W/m^ 

b) Q/A = 0.9 X 5.67 x 10'^ x 288.15^ = 352 W/m^ 
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4.104 

A log of burning wood in the fireplace has a surface temperature of 450°C. 
Assume the emissivity is 1 (perfect black body) and find the radiant emission of 
energy per unit surface area. 


Solution ; 


Q /A = 1 X G 

= 5.67 X 10 “^x (273.15 +450)"^ 
= 15505 W/m^ 

= 15.5 kW/m^ 
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4.105 

A radiant heat lamp is a rod, 0.5 m long and 0.5 cm in diameter, through which 
400 W of electric energy is deposited. Assume the surface has an emissivity of 
0.9 and neglect incoming radiation. What will the rod surface temperature be ? 

Solution : 

For constant surface temperature outgoing power equals electric power. 

Qrad = = Qel ^ 

= Qgj / saA = 400 / (0.9 x 5.67 xlO x 0.5 x tt x 0.005) 

= 9.9803 x10“k^ ^ T = 1000K OR 725 °C 
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Review Problems 
4.106 

A vertical cylinder (Fig. P4.106) has a 61.18-kg piston locked with a pin trapping 
10 L of R-22 at 10°C, 90% quality inside. Atmospheric pressure is 100 kPa, and 
the cylinder cross-sectional area is 0.006 m^. The pin is removed, allowing the 
piston to move and come to rest with a final temperature of 10°C for the R-22. 
Find the final pressure, final volume and the work done by the R-22. 

Solution; 

State 1: (T, x) from table B.4.1 

vi = 0.0008 + 0.9 X 0.03391 = 0.03132 m^/kg 

m = Vi/vi = 0.010/0.03132 = 0.319 kg 

Force balance on piston gives the equilibrium pressure 

61.18x9.807 

P 2 - Pq + mpg/ Ap - 100 + X 1000 “ 



State 2: (T,P) in Table B.4.2 V 2 = 0.13129 m^/kg 

V 2 = mv2 = 0.319 kg X 0.13129 rn^/kg = 0.04188 m3 = 41.88 L 
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4.107 

A piston/cyUnder contains butane, C 4 H 10 , at 300°C, 100 kPa with a volume of 
0.02 m^. The gas is now compressed slowly in an isothermal process to 300 kPa. 

a. Show that it is reasonable to assume that butane behaves as an ideal gas 
during this process. 

b. Determine the work done by the butane during the process. 
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4.108 

A cylinder fitted with a piston eontains propane gas at 100 kPa, 300 K with a 

volume of 0.2 m . The gas is now slowly eompressed aoeording to the relation 

= eonstant to a final temperature of 340 K. Justify the use of the ideal gas 
model. Find the final pressure and the work done during the proeess. 

Solution: 

The proeess equation and T determines state 2. Use ideal gas law to say 

T 2 — 340 — 

P 2 = Pi = 100(^)01 =396 kPa 





100 1 / 1.1 
396 ^ 


= 0.0572 m3 


For propane Table A.2: T^. = 370 K, P^. = 4260 kPa, Figure D.l gives Z. 


Tri =0.81, Pri =0.023 
Tr2 = 0.92, Pr2 = 0.093 


=> 

=> 



0.98 

0.95 


Ideal gas model OK for both states, minor eorreetions eould be used. The 
work is integrated to give Eq.4.4 


1 


, my. ^ (396 X 0.0572) - (100 x 0.2) ^ ^ 
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4.109 


The gas space above the water in a closed storage tank contains nitrogen at 25°C, 
100 kPa. Total tank volume is 4 m^, and there is 500 kg of water at 25°C. An 
additional 500 kg water is now forced into the tank. Assuming constant 
temperature throughout, find the final pressure of the nitrogen and the work done 
on the nitrogen in this process. 

Solution: 

The water is compressed liquid and in the process the pressure goes up 
so the water stays as liquid. Incompressible so the specific volume does 
not change. The nitrogen is an ideal gas and thus highly compressible. 

State 1: = 500 x 0.001003 =0.5015 m3 


State 1: 

Vh20 1 ^ 


II 

(N 

> 

State 2: 

^N22 - 

Process: 

T = C gives 


State 2: 2 = 4.0 - 2 x 0.5015 = 2.997 m^ 

Process: T = C gives P^V^ = mRT = P 2 V 2 

3.4985 

^N 2 2 ~ ^ 2 997 ~ 116>7 kPa 

Constant temperature gives P = mRTA^ i.e. pressure inverse in V for which 
the work term is integrated to give Eq.4.5 


WbyN2 = / 


2.997 

= 100 X 3.4985 X In ^ = -54.1 kJ 
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4.110 

Two kilograms of water is contained in a piston/cyUnder (Fig. P4.110) with a 
massless piston loaded with a linear spring and the outside atmosphere. Initially 
the spring force is zero and Pi =Pq = 100 kPa with a volume of 0.2 m^. If the 

piston just hits the upper stops the volume is 0.8 m^ and T = 600°C. Heat is now 
added until the pressure reaches 1.2 MPa. Find the hnal temperature, show the P- 
V diagram and find the work done during the process. 

Solution: 



V 


State 1: vj = V/m = 0.2 / 2 = 0.1 m^/kg 

Process: 1^2^3 or 1^3’ 

State at stops: 2 or 2’ 

V 2 = Vgj-Qp/m = 0.4 m^/kg & T 2 = 600°C 
Table B. 1.3 ^ P^^^p = 1 MPa < P 3 
since P„.._.. < P 3 the process is as 1 ^ 2 


stop 


State 3: P 3 = 1.2 MPa, V 3 = V 2 = 0.4 m^/kg 


T 3 = 770°C 




= W12 + W23 = |(Pi + P2)(V2 - Vi) + 0 = |(100 + 1000)(0.8 - 0.2) 


= 330 kJ 
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4.111 

A cylinder having an initial volume of 3 eontains 0.1 kg of water at 40°C. The 
water is then compressed in an isothermal quasi-equilibrium proeess until it has a 
quality of 50%. Calculate the work done in the proeess splitting it into two steps. 
Assume the water vapor is an ideal gas during the first step of the process. 

Solution; C.V. Water 

State 2: (40°C, X = 1) TblB.1.1 => = 7.384 kPa, Vq= 19.52 

State 1; v^ = V^/m = 3/0.1 = 30 m^/kg ( ^ ) 

so H 2 O ~ ideal gas from 1-2 so sinee constant T 




= 7.384 X 


19.52 

30 


= 4.8kPa 


V 2 = mv 2 = 0.1 X 19.52 = 1.952 m 


7.38 ■■ 



40 -- 



Process T = C: and ideal gas gives work from Eq.4.5 


2 V 2 1 952 

lW 2 =/PdV = PiViln —=4.8 x 3.0 x in ^:^ =-6.19 kJ 

1 


V 


1 


3 


V 3 = 0.001008 +0.5 X 19.519 = 9.7605 => V 3 = mv 3 = 0.976 m 
P = C = P„: This gives a work term as 


2 W 3 = / PdV = Pg (V 3 -V 2 ) = 7.384(0.976 - 1.952) = -7.21 kJ 

2 


Total work: 


1 W 3 = 1 W 2 + 2 W 3 = - 6.19 - 7.21 = -13.4 kJ 
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4,112 

Air at 200 kPa, 30°C is contained in a cylinder/piston arrangement with initial 

volume 0.1 m . The inside pressure balanees ambient pressure of 100 kPa plus an 
externally imposed foree that is proportional to Now heat is transferred to 
the system to a final pressure of 225 kPa. Find the final temperature and the work 
done in the proeess. 

Solution: 

C.V. Air. This is a eontrol mass. Use initial state and proeess to find T 2 
Pj =Po + CV^^2; 200= 100 + C(0.1)^^2, C = 316.23 => 

225 = 100 + CV2^^^ ^ V2 = 0.156 m3 

PlVi 

P2V2-mRT2- T 2 ^ 

T 2 = (P 2 V 2 /PiVi)Ti = 225 X 0.156 x303.15/(200 xO.l) = 532 K = 258.9°C 
Wj2 = 1 P dV = I (Pq + CV^/2) dV 

= Po (V 2 - Vi) + C X I X (¥ 2^/2 . v^3/2) 

= 100 (0.156 - 0.1) + 316.23 x | x (0.156^^^ - 0.1^^^) 

= 5.6 + 6.32 = 11.9 kJ 
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4.113 

A spring-loaded piston/cyUnder arrangement eontains R-134a at 20°C, 24% quality 
with a volume 50 L. The setup is heated and thus expands, moving the piston. It is 
noted that when the last drop of liquid disappears the temperature is 40°C. The 
heating is stopped when T = 130°C. Verify the final pressure is about 1200 kPa by 
iteration and find the work done in the proeess. 


Solution: 

C.V. R-134a. This is a eontrol mass. 





State 1: Table B.5.1 => 

vi = 0.000817 + 0.24*0.03524 = 0.009274 

Pj = 572.8 kPa, 

m = V/ vi = 0.050 / 0.009274 = 5.391 kg 

Proeess: Linear Spring 
P = A + Bv 


State 2: X 2 = 1, T 2 


P 2 = 1.017 MPa, V 2 = 0.02002 m3/kg 


Now we have fixed two points on the proeess line so for final state 3: 



P2-P1 

+-(Vt - Vi ) = RHS 

V2 - Vi ^ 3 U 


Relation between P 3 and V 3 


State 3: T3 and on proeess line 

at P3 = 1.2 MPa => V3 
at P3 = 1.4 MPa => V3 
Linear interpolation gives : 


^ iterate on P3 given T3 

= 0.02504 => P 3 - RHS = -0.0247 
= 0.02112 => P3 - RHS = 0.3376 


0 0247 

P3 = 1200 + 0 3375 + 0 0247 (1400-1200) = 1214 kPa 

0 0247 

V3 = 0.02504 + 0 3375 + 0 0247 (0.02112-0.02504) = 0.02478 m3/kg 



= fiPl + P3)(V3 - Vi) = Lp, + P3) m (V3 - V,) 


= j 5.391(572.8+ 1214)(0.02478-0.009274) = 74.7 kJ 
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4.114 

A piston/cylinder (Fig. P4.114) contains 1 kg of water at 20°C with a volume of 

0.1 m . Initially the piston rests on some stops with the top surface open to the 
atmosphere, and a mass so a water pressure of 400 kPa will lift it. To what 

temperature should the water be heated to lift the piston? If it is heated to 
saturated vapor find the final temperature, volume and the work, jW 2 . 

Solution; 

(a) State to reaeh lift pressure of P = 400 kPa, v = V/m = 0.1 m^/kg 
Table B.1.2: Vf< v < Vg = 0.4625 m^/kg 

=> T = T = 143.63°C 

(b) State 2 is saturated vapor at 400 kPa sinee state la is two-phase. 



V 2 = v„ = 0.4625 m^/kg , V 2 = rn V 2 = 0.4625 m^, 


Pressure is eonstant as volume inerease beyond initial volume. 


1W2 


= J P dV = P (V 2 - Vi) = Pjjf-j (V 2 - Vi) = 400 (0.4625 - 0.1) = 145 kJ 
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4.115 

Two springs with same spring constant are installed in a massless piston/cylinder 
with the outside air at 100 kPa. If the piston is at the bottom, both springs are 
relaxed and the second spring comes in contact with the piston at V = 2 m^. The 
cylinder (Fig. P4.115) contains ammonia initially at -2°C, x = 0.13, V= 1 m^, 
which is then heated until the pressure finally reaches 1200 kPa. At what pressure 
will the piston touch the second spring? Find the final temperature and the total 
work done by the ammonia. 

Solution ; 

State 1; P = 399.7 kPa Table B.2.1 
V = 0.00156 + 0.13x0.3106 = 0.0419 

At bottom state 0; 0 m^, 100 kPa 

State 2; V = 2 m^ and on line 0-1-2 
Final state 3: 1200 kPa, on line segment 2. 

0 1 2 V3 



Slope of line 0-1-2; AP/ AV = (P^ - Pq)/AV = (399.7-100)/! =299.7 kPa/ m^ 

P 2 = Pi + (V 2 - Vi)AP/AV = 399.7 + (2-l)x299.7 = 699.4 kPa 
State 3: Last line segment has twice the slope. 

P 3 = P 2 + (V 3 - V 2 ) 2 AP/AV ^ V 3 = V 2 + (P 3 - P 2 )/( 2 AP/AV) 

V 3 = 2 + (1200-699.4)7599.4 = 2.835 m3 

V 3 = viV 3 /Vi = 0.0419x2.835/1 =0.1188 ^ T = 51°C 

1W3 = 1W2 + 2W3 = ^ (Pi + P2)(V2 - Vi) + I (P3 + P2)(V3 - V2) 

= 549.6+ 793.0 = 1342.6 kJ 
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4.116 

Find the work for Problem 3.101. 

A piston/eyUnder arrangement is loaded with a linear spring and the outside 

atmosphere. It eontains water at 5 MPa, 400°C with the volume being 0.1 m . If the 
piston is at the bottom, the spring exerts a foree sueh that A •« = 200 kPa. The 
system now eools until the pressure reaehes 1200 kPa. Find the mass of water, the 
final state (J' 2 , V 2 ) and plot the P-v diagram for the proeess. 


Solution 



1; 5 MPa, 400°C ^ vi= 0.05781 mPkg 
m = V/vi = 0.1/0.05781 = 1.73 kg 
Straight line: P = P^ + Cv 


P2-Pa 


V2 


'"I Pi -P 


a 


= 0,01204 m^/kg 


V 


V 2 < V (1200 kPa) so two-phase T 2 = 188°C 


V2-0.001139 

^2 = 0.1622 " 0.0672 

The P-V eoordinates for the two states are then: 

Pi = 5 MPa, Vi = 0.1 m^ P 2 = 1200 kPa, V 2 = mv 2 = 0.02083 m^ 


lW2 = /PdV = |(Pl + P2)(V2-Vi) 


1 


= 2 (5000 + 1200)(0.02083 - 0.1) = -245.4 kJ 


P vs. V is linear so 
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Concept Problems 

4.117 

The electric company charges the customers per kW-hour. What is that in english 
units? 


The unit kW-hour is a rate 
multiplied with time. For the 
standard English Eng. units the 
rate of energy is in Btu/h and 
the time is in seconds. The 
integration in Eq.4.21 becomes 



1 kW-hour = 3412.14 Btu/h x 1 h = 3412,14 Btu 
Conversions are found in Table A.l 


4.118 


Work as E Ax has units of Ibf-ft, what is that in Btu? 


Conversions are found in Table A.l 

1 Ibf-ft = 1.28507 X 10’^ Btu = 


1 


778 


Btu 


4.119 

A work of 2.5 Btu must be delivered on a rod from a pneumatic piston/cylinder 
where the air pressure is limited to 75 psia. What diameter cylinder should I have 
to restrict the rod motion to maximum 2 ft? 


W = /F dx = /P dV = /PA dx = PA Ax = PIAx 


D = 



4W 

ttPAx 



4 X 2.5 Btu 
tt: X 75 psia x 2 ft 



4 x 2.5 x 778.17 Ibf-ft 
tt: X 75 X 144 (Ibf/ft^) x 2 ft 


= 0.339 ft 
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4.120 

A force of 300 Ibf moves a truek with 40 mi/h up a hill. What is the power? 


Solution; 


W = F V = 300 Ibf X 40 (mi/h) 

1609.3 X 3.28084 Ibf-ft 


= 12 000 X 


3600 


= 17 600^^ = 22.62 Btu/s 
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4.121 

A 1200 hp dragster engine drives the car with a speed of 65 mi/h. How much 
force is between the tires and the road? 


Power is force times rate of displacement as in Eq.4.2 
Power, rate of work W =FV = PV = Tco 


We need the velocity in ft/s: 



65 X 1609.3 X 3.28084 

3600 


= 95.33 ft/s 


We need power in Ibf-ft/s: 1 hp = 550 Ibf-ft/s 



= W/V = 


1200 X 550 Ibf-ft/s 
95.33 ft/s 


= 6923 Ibf 
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4.122 

A 1200 hp dragster engine has a drive shaft rotating at 2000 RPM. How much 
torque is on the shaft? 


Power is force times rate of displacement as in Eq.4.2 
Power, rate of work W =FV = PV = Tco 

We need to convert the RPM to a value for angular velocity co 


CO = RPM X 


=2000 .^= 209 . 44 '^ 


60s 


60s 


We need power in Ibf-ft/s: 1 hp = 550 Ibf-ft/s 

„ • , 1200 hp X 550 Ibf-ft/s-hp ^ 

T = W/o,= - ;o9.44 rad/s -® = 3151lbf-ft 
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Simple Processes 
4.123 

A bulldozer pushes 1000 Ibm of dirt 300 ft with a foree of 400 Ibf. It then lifts the 
dirt 10 ft up to put it in a dump truek. How mueh work did it do in eaeh situation? 


Solution; 


W = IF dx = F Ax 
= 400 Ibf X 300 ft 
= 120 000 Ibf-ft = 154 Btu 


W = j F dz = j mg dz = mg AZ 



= 1000 Ibm X 32.174 W x 10 ft / (32.174 Ibm-ft / s^-lbf) 
= 10 000 lbf-ft= 12.85 Btu 
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4,124 

A steam radiator in a room at 75 F has saturated water vapor at 16 Ibf/in.^ flowing 
through it, when the inlet and exit valves are closed. What is the pressure and the 
quality of the water, when it has cooled to 75F? How much work is done? 


Solution; 

After the valve is closed no flow, constant V and m. 



1; xj = 1, Pj = 16 Ibflin 


Vj = V = 24.754 ft^/lbm 

o 1 


2; To = 


= 75 F, V 2 = Vj = 24.754 ft^/lbm 

P 2 = Pg 2 = 0.43 Ibf/in^ 


V2 = 24.754 = 0.01606 + X2(739.584 - 0.01606) 


X2 = 0,0334 

1 W 2 = f PdV = 0 
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4.125 

A linear spring, F = k^{x -x ), with spring constant = 35 Ibf/ft, is stretched 
until it is 2.5 in. longer. Fin^the required force and work input. 


Solution; 


F = kg(x - Xq) = 35 X 2.5/12 = 7.292 Ibf 
W = /Fdx = jTig(x - XQ)d(x - Xq) = | kg(x - Xq)^ 

= ^ X 35 X (2.5/12)2 = 0.76 lbf*ft = 9.76x10''* Btu 


Sonntag, Borgnakke and Wylen 


4.126 

Two hydraulic cylinders maintain a pressure of 175 psia. One has a eross 

9 9 

sectional area of 0.1 ft the other 0.3 ft . To deliver a work of 1 Btu to the piston 
how large a displacement (V) and piston motion H is needed for each cylinder? 
Neglect 

Solution; 


W = IF dx = j P dV = j PA dx = PAx H = P AV 
W = 1 Btu = 778.17 Ibf-ft 


W 

AV = -;r = 


778.17 Ibf-ft 
P ^ 175 X 144 lbf/ft2 


= 0.030 873 ft^ 


Both cases the height is FI = AV/A 


Hi = 

H2 = 


0.030873 

0.1 

0.030873 

0.3 


= 0.3087 ft 
= 0.1029 ft 


F 



2 


cb 


E 
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4.127 

A piston/cylinder has 15ft of liquid 70 F water on top of the piston (m = 0) with 

cross-sectional area of 1 ft , see Fig. P2.57. Air is let in under the piston that rises 
and pushes the water out over the top edge. Find the necessary work to push all 
the water out and plot the process in a P-V diagram. 

Solution: 

Pi =Po + PgH 

. . .r.. . 62.2 x 32.174 x 15 Ibm/ft^ x ft/s^ x ft 

= 14.696 psia + ^ y 

^ 32.174 x 144 (Ibm-ft/s^-lbf) (in/ft)2 

= 21.18 psia 

AV = HxA=15x l = 15ft^ 

1W2 = AREA = j p dV = 1/2 (Pi + Po -Vi) 

= /2 (21.18 + 14.696) psia x 15 ft^ x 144 (in/ft)^ 

= 38 746 Ibf-ft = 49.8 Btu 
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4.128 

A cylinder fitted with a frietionless piston contains 10 Ibm of superheated 
refrigerant R-134a vapor at 100 Ibf/in.^, 300 F. The setup is cooled at eonstant 
pressure until the R-134a reaches a quality of 25%. Caleulate the work done in 
the process. 


Solution; 

Constant pressure proeess boundary work. State properties from Table F.IO 
State 1; Table F.10.2 vj = 0.76629 ft^/lbm; 

State 2; Table F.10.1 V 2 = 0.013331 + 0.25 x 0.46652 = 0.12996 ft3/lbm 

Interpolated to be at 100 psia, numbers at 101.5 psia could have 
been used. 

1 W 2 = j P dV = P (V 2 -V 1 ) = mP (V 2 -V 1 ) 


= lOx 100 X 


144 


778 


X (0.12996 - 0.76629) = -117.78 Btu 
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Review Problems 


4.129 


The gas space above the water in a closed storage tank contains nitrogen at 80 F, 
15 Ibf/in.^. Total tank volume is 150 ft^ and there is 1000 Ibm of water at 80 F. 
An additional 1000 Ibm water is now forced into the tank. Assuming constant 
temperature throughout, find the final pressure of the nitrogen and the work done 
on the nitrogen in this process. 


Solution; 


Water is compressed liquid, so it is incompressible 
Vpj20 1 = mvi = 1000 X 0.016073 = 16.073 ft3 

Vn2 1 = Vtank ' 1 = >50 - 16.073 = 133.93 ft3 

Vnj 2 = Vtank' VhjO 2 = >50 - 32.146 = 117.85 ft^ 

N 2 is an ideal gas so 

133.93 

%2 2 ^ ^N2 1 ^ ^N2 An2 2 ^ ^ 117.85 ^ *'’*’^*" 


:_2 


W^2 = /PdV = PiVi ln^ = 


V 2 15x144x133.93. 117.85 


778 


In 


133.93 


= -47,5 Btu 
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4.130 

A cylinder having an initial volume of 100 eontains 0.2 Ibm of water at 100 F. 
The water is then eompressed in an isothermal quasi-equilibrium proeess until it 
has a quality of 50%. Calculate the work done in the proeess assuming water 
vapor is an ideal gas. 


Solution; 


State 1; T^, v^ = V/m = '^^ = 500 ft^/lbm ( > Vg ) 

sinee Pg = 0.95 psia, very low so water is an ideal gas from 1 to 2. 

’^e 350 -7 

^1 " ^ " 0-950 X ^ = 0.6652 Ibhin^ 

V 2 = mv 2 = 0.2*350 = 70 ft3 

V 3 = 0.01613 + 0.5x(350 - 0.01613) = 175.0 ft3/lbm 

V 2 144 70 

lW 2 = /PdV = PiVi in= 0.6652 x;^x 100 lnY^=-4.33 Btu 

2 W 3 = P 2=3 X m(v 3 - V 2 ) = 0.95 x 0.2 x(175 - 350) xl44 / 778 = -6.16 Btu 
1 W 3 = - 6.16 - 4.33 = -10.49 Btu 
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Polytropic Processes 


4.131 

'J 

Helium gas expands from 20 psia, 600 R and 9 ft to 15 psia in a polytropic 
process with n = 1.667. How much work does it give out? 


Solution; 


Process equation: = constant = PiV^ = P 2 V 2 

Solve for the volume at state 2 


l/n 


/ 


V2 = Vi(Pi/P2)' =9x 


vl5y 


= 10.696 ft^ 


Work from Eq.4.4 

P2V2-P1V1 

1W2 - i.n 


15 X 10.696 -20 x9 
1 - 1.667 


X 144 Ibf-ft 


= 4223 Ibf-ft = 5.43 Btu 
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4.132 

Consider a mass going through a polytropic process where pressure is directly 
proportional to volume (n = - 1). The process start with P = 0, V=0 and ends 
with P = 90 Ibf/in.^, V= 0.4 ft^.The physical setup could be as in Problem 2.22. 
Find the boundary work done by the mass. 


Solution; 



W = / PdV = AREA 


= |(Pi+P2)(V2-Vi) 

= ^(P2 + 0)(V2-0) 

= - Po Vo = - X 90 X 0.4 X 144 
2 ^ ^ 2 

= 2592 ft Ibf = 3.33 Btu 
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4.133 

The piston/cyUnder shown in Fig. P4.48 contains carbon dioxide at 50 Ibf/in.^, 
200 F with a volume of 5 ft^. Mass is added at such a rate that the gas compresses 
according to the relation PV^-^ = constant to a final temperature of 350 F. 
Determine the work done during the process. 


Solution: 


From Eq. 4.4 for PV^ = const ( n ^ 1 ) 

2 P2V2-P1V1 

1 W 2 = J PdV =-— - - Assuming ideal gas, PV = mRT 

1 


mR(T2-Ti) ^ ^ PiVi 

1 W 2 = ; ■ . But mR = 


1 -n 


T 


1 


50 X 144 X 5 
659.7 X 778 


= 0.07014 Btu/R 


0.07014(809.7 - 659.7) . „ 

1 W 2 = 112 ^ -52,605 Btu 
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4.134 

Find the work for Problem 3.156E. 


Solution; 


State 1; Table F.9 


Pj = 274.6 IbPin^, = 0.1924 ftMbm 


Proeess: Pv = C = P^v^ = P^v^ 


1 W 2 = /Pdv = C I v'^ dv = C In 


Z2 

Vl 


V P 
1 1 


state 2: P^ = 30 Ibf/in^; ¥3 = ^ = 0.1924 x 274.6 / 30 = 1.761 ftMbm 

v? P] 274 6 

1W2 = PiVi ln“ = PiVi In ^ = 274.6 x 0.1924 x 144 In 

= 16845 ft'lbPlbm = 21,65 Btu/lbm 




Notiee T is not eonstant. It is not an ideal gas in this range. 
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Multi-step Processes, Other Types of Work 
4.135 

Consider a two-part process with an expansion from 3 to 6 ft^ at a constant 
pressure of 20 Ibf/in.^ followed by an expansion from 6 to 12 ft^ with a linearly 

7 7 

rising pressure from 20 Ibf/in. ending at 40 Ibf/in. . Show the process in a P-V 
diagram and find the boundary work. 

Solution; 

By knowing the pressure versus volume variation the work is found. 



= 8640 + 25 920 = 34 560 ft Ibf 
= (34 560 / 778) = 44.42 Btu 
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4.136 

A piston/cylinder has 2 Ibm of R-134a at state 1 with 200 F, 90 Ibf/in.^, and is 
then brought to saturated vapor, state 2, by cooling while the piston is locked with 
a pin. Now the piston is balanced with an additional constant force and the pin is 
removed. The cooling continues to a state 3 where the R-134a is saturated liquid. 
Show the processes in a P-V diagram and find the work in each of the two steps, 1 
to 2 and 2 to 3. 

Solution : 

C.V. R-134a This is a control mass. 


Properties from table F.10.1 and 10.2 
State 1;(T,P) => v = 0.7239 ft3/lbm 
State 2 given by fixed volume and X 2 = 1.0 
State 2: V 2 = v^ = Vg => 1 W 2 = 0 


T2 = 50 + lOx 


0.7239-0.7921 

0.6632-0.7921 


= 55.3 F 


P 2 = 60.311 +(72.271 -60.311) X 0.5291 = 66.64 psia 

State 3 reached at constant P (F = constant) state 3: P 3 = P 2 and 
V 3 = vf = 0.01271 + (0.01291 - 0.01271) x 0.5291 = 0.01282 ft3/lbm 

1 W 3 = 1 W 2 + 2 W 3 = 0 + 2 W 3 = jP dV = P(V 3 -V 2 ) = mP(v 3 -V 2 ) 

144 

= 2x 66.64 (0.01282 - 0.7239) :^= -17.54 Btu 



V 
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4.137 


A cylinder containing 2 Ibm of ammonia has an externally loaded piston. Initially 

the ammonia is at 280 Ibf/in. , 360 F and is now eooled to saturated vapor at 105 
F, and then further eooled to 65 F, at which point the quality is 50%. Find the 
total work for the proeess, assuming a pieeewise linear variation of P versus V. 


Solution; 



State 1;(T,P) Table F. 8 .2 
Vj = 1.7672 ft3/lbm 

State 2: (T, x) Table F.8.1 sat. vap. 
P 2 = 229 psia, V 2 = 1.311 ft^/lbm 


State 3: (T, x) 


P 3 = 118 psia, 


V 3 = (0.02614+2.52895)/2 = 1.2775 


Wi3 = 


JPdV 

1 




Pi + P 2 ^2 ^ ^3 

( 2 - vi) + ( ^ ^)m(v3 - V2) 


2 


280 + 229 229 + 118 144 

2[(-^-^)(1.311 - 1.7672)+ (-^-)(1.2775 - 1.311)]:^ 


2 


= -45,1 Btu 
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4.138 

A 1-ft-long steel rod with a 0.5-in. diameter is stretched in a tensile test. What is 
the required work to obtain a relative strain of 0.1%? The modulus of elasticity of 
steel is 30 x 10^ Ibf/in.^. 


Solution; 


-lW2 = 


AEL 


“(e) , A = 4(0.5) = — in 


16 


iW2 =|(^)30 x106 X 1 x(10'V = 2.94fHbf 
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Rates of Work 
4.139 

An escalator raises a 200 Ibm bucket of sand 30 ft in 1 minute. Determine the 
total amount of work done and the instantaneous rate of work during the process. 

Solution; 

W = /Fdx = F/dx = F Ax 

= 200 X 30 = 6000 ft Ibf = (6000/778) Btu = 7.71 Btu 
W = W / At = 7.71 / 60 = 0.129 Btu/s 
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4.140 

A piston/cylinder of diameter 10 inehes moves a piston with a veloeity of 18 ft/s. 
The instantaneous pressure is 100 psia. What is the volume displacement rate, the 
force and the transmitted power? 

Solution; 

Rate of work is force times rate of displacement. The force is pressure times 
area. 

F = PA = P TT 0^/4 = 100 Ibf/in^ x (7i/4) 10^ in^ = 7854 Ibf 
W = FV = 7854 Ibf X 18 ft s“^ = 141 372 Ibf-ft/s = 181.7 Btu/s 
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Heat Transfer Rates 


4,141 

The sun shines on a 1500 ft^ road surface so it is at 115 F. Below the 2 inch thick 
asphalt, average conductivity of 0.035 Btu/h ft F, is a layer of compacted rubbles 
at a temperature of 60 F. Find the rate of heat transfer to the rubbles. 


Solution; 


Q = k A 


Ax 


u 


= 0.035 X 1500 X 


115-60 



= 17325 Btu/h 


2/12 
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4.142 

A water-heater is covered up with insulation boards over a total surface area of 30 
ft^. The inside board surface is at 175 F and the outside surface is at 70 F and the 
board material has a conductivity of 0.05 Btu/h ft F. How thick a board should it 
be to limit the heat transfer loss to 720 Btu/h ? 


Solution; 

Steady state conduction through a single layer 
board. 

Qcond = k A — ^ Ax = kAAT/Q 

Ax = 0.05 X 30(175 -70) / 720 
= 0.219 ft = 2.6 in 






Sonntag, Borgnakke and Wylen 


4.143 

The black grille on the back of a refrigerator has a surface temperature of 95 F 
with a total surface area of 10 ft^. Heat transfer to the room air at 70 F takes place 
with an average convective heat transfer coefficient of 3 Btu/h ft^ R. How much 
energy can be removed during 15 minutes of operation? 


Solution; 


Q = hA AT; Q = Q At = hA AT At 

Q = 3 (Btu/h ft2 R) X 10 ft2 X (95 -70) F x (15/60) h = 187.5 Btu 
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Concept-Study Guide Problems 

5.1 

What is 1 cal in SI units and what is the name given to 1 N-m? 

Look in the conversion factor table A. 1 under energy: 

1 eal (Int.) = 4.1868 J = 4.1868 Nm = 4.1868 kg m^/s^ 

This was historically defined as the heat transfer needed to bring 1 g of liquid water 
from 14.5°C to 15.5”C, notice the value of the heat capacity of water in Table A.4 

1 N-m = 1 J or Force times displacement = energy = Joule 


5.2 

In a eomplete eyele what is the net change in energy and in volume? 

For a complete eyele the substanee has no change in energy and therefore no storage, 
so the net change in energy is zero. 

For a complete cycle the substance returns to its beginning state, so it has no ehange in 
specific volume and therefore no ehange in total volume. 


5.3 

Why do we write AE or E 2 - whereas we write 1 Q 2 and 1 W 2 ? 

AE or E 2 - Ej is the change from state 1 to state 2 and depends only on states 1 
and 2 not upon the process between 1 and 2. 

^Q 2 and 1 W 2 are amounts of energy transferred during the process between 
1 and 2 and depend on the proeess path. 
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5.4 

When you wind a spring up in a toy or stretch a rubber band what happens in terms of 
work, energy and heat transfer? Later when they are released, what happens then? 


In both processes work is put into the device and the energy is stored as potential 
energy. If the spring or rubber is inelastic some of the work input goes into internal 
energy (it becomes warmer) and not its potential energy and being warmer than the 
ambient air it cools slowly to ambient temperature. 


When the spring or rubber band is released the potential energy is transferred back 
into work given to the system connected to the end of the spring or rubber band. If 
nothing is connected the energy goes into kinetic energy and the motion is then 
dampened as the energy is transformed into internal energy. 


5.5 

Explain in words what happens with the energy terms for the stone in Example 5.2. What 
would happen if it were a bouncing ball falling to a hard surface? 


In the beginning all the energy is potential energy associated with the gravitational 
force. As the stone falls the potential energy is turned into kinetic energy and in the 
impact the kinetic energy is turned into internal energy of the stone and the water. Einally 
the higher temperature of the stone and water causes a heat transfer to the ambient until 
ambient temperature is reached. 


With a hard ball instead of the stone the impact would be close to elastic transforming 
the kinetic energy into potential energy (the material acts as a spring) that is then turned 
into kinetic energy again as the ball bounces back up. Then the ball rises up transforming 
the kinetic energy into potential energy (mgZ) until zero velocity is reached and it starts 
to fall down again. The collision with the floor is not perfectly elastic so the ball does not 
rise exactly up to the original height loosing a little energy into internal energy (higher 
temperature due to internal friction) with every bounce and finally the motion will die 
out. All the energy eventually is lost by heat transfer to the ambient or sits in lasting 
deformation (internal energy) of the substance. 
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5.6 

Make a list of at least 5 systems that store energy, explaining which form of energy. 

A spring that is compressed. Potential energy (l/2)kx 
A battery that is charged. Electrical potential energy. V Amp h 
A raised mass (could be water pumped up higher) Potential energy mgH 
A cylinder with compressed air. Potential (internal) energy like a spring. 
A tank with hot water. Internal energy mu 

A fly-wheel. Kinetic energy (rotation) (l/2)Ico 

A mass in motion. Kinetic energy (l/2)mV 


5.7 


A 1200 kg car is accelerated from 30 to 50 km/h in 5 s. How much work is that? If you 
continue from 50 to 70 km/h in 5 s is that the same? 


The work input is the increase in kinetic energy. 


E2-Ei = (l/2)m[V2-Vi]= iW 


2 


2 


2 


= 0.5 X 1200 kg [50^ - 30^] 


^km^ 

V h y 


2 


= 600 [ 2500 - 900 ] kg 


ri000m^2 


V 


3600 s 


= 74 074 J = 74.1 kJ 


J 


The second set of conditions does not become the same 

E2 - El = (l/2)m[V2 - Vj = 600 [ 70^ - 50^ ] kg 


riooo m 


3600 s 




V 


= lllkJ 
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5.8 

A crane use 2 kW to raise a 100 kg box 20 m. How mueh time does it take? 


Power = W = FV = mgV = mg 




mgL 100 kg 9.807 m/s^ 20 m 


W 


2000 W 


9.81 s 



5.9 

Saturated water vapor has a maximum for u and h at around 235”C. Is it similar for other 
substanees? 

Look at the various substances listed in appendix B. Everyone has a maximum u and h 
somewhere along the saturated vapor line at different T for eaeh substanee. This means 
the constant u and h curves are different from the constant T curves and some of them 
cross over the saturated vapor line twiee, see sketeh below. 


Constant h lines are 
similar to the eonstant 
u line shown. 



Notice the constant u(h) line beeomes parallel to the eonstant T lines in the 
superheated vapor region for low P where it is an ideal gas. In the T-v diagram the 
constant u (h) line becomes horizontal. 
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5.10 

A pot of water is boiling on a stove supplying 325 W to the water. What is the rate of 
mass (kg/s) vaporizing assuming a eonstant pressure process? 

To answer this we must assume all the power goes into the water and that the 
process takes place at atmospheric pressure 101 kPa, so T = 100®C. 


Energy equation 

dQ = dE + dW = dU + PdV = dH = hfg dm 



dm 6 325 W , 

dt “ hfg “ 2257 kJ/kg “ 


The volume rate of increase is 


dV dm 
dt dt 


Vfg = 0.144 g/s X 1.67185 m^/kg 


= 0.24x 10'V^/s = 0.24 L/s 



5.11 

A constant mass goes through a process where 100 W of heat transfer comes in and 
100 W of work leaves. Does the mass change state? 


Yes it does. 

As work leaves a control mass its volume must go up, v increases 

As heat transfer comes in at a rate equal to the work out means u is constant if 
there are no changes in kinetic or potential energy. 
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5.12 

I have 2 kg of liquid water at 20°C, 100 kPa. I now add 20 kJ of energy at a eonstant 
pressure. How hot does it get if it is heated? How fast does it move if it is pushed by a 
eonstant horizontal foree? How high does it go if it is raised straight up? 



Heat at 100 kPa. 

Energy equation: 

E2 - El = 1Q2 - 1W2 = 1Q2 - P(V 2 - Vi) = H2 - Hi= m(h 2 - hi) 
h2 = hi + iQ2/m = 83.94 + 20/2 = 94.04 kJ/kg 


Baek interpolate in Table B.1.1: 


T 2 = 22.5"C 


(We eould also have used AT = iQ 2 /mC = 20 / (2*4.18) = 2.4®C) 
b) Push at eonstant P. It gains kinetie energy. 


0.5 m V 2 = 1 W 2 

V 2 = ^2 iW 2 /m = V2 x 20 x 1000J/2kg = 141.4 m/s 

c) Raised in gravitational field 

m g Z 2 = 1 W 2 

20 000 J 

Zj = , Wj/m g = 2 kg X 9.807 m/s2 = “ 
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5.13 

Water is heated from 100 kPa, 20°C to 1000 kPa, 200°C. In one case pressure is raised 
at T = C, then T is raised at P = C. In a second case the opposite order is done. Does 
that make a difference for 1 Q 2 and 1 W 2 ? 


Yes it does. Both 1 Q 2 and 1 W 2 are process dependent. We can illustrate the 
work term in a P-v diagram. 




In one case the process proceeds from 1 to state “a” along constant T then from 
“a” to state 2 along constant P. 

The other case proceeds from 1 to state “b” along constant P and then from “b” 
to state 2 along constant T. 
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5.14 

Two kg water at 120°C with a quality of 25% has its temperature raised 20°C in a 
constant volume process. What are the new quality and specific internal energy? 


Solution; 


State 1 from Table B.1.1 at 120®C 

V = Vf + X Vfg = 0.001060 + 0.25 x 0.8908 = 0.22376 m^/kg 


State 2 has same v at 140®C also from Table B.1.1 


V - Vf 

X = 

^fg 


0.22376-0.00108 

0.50777 


0.4385 



V 


V 
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5.15 

Two kg water at 200 kPa with a quality of 25% has its temperature raised 20®C in a 
constant pressure process. What is the change in enthalpy? 


Solution; 


State 1 from Table B. 1.2 at 200 kPa 

h = hf + X hfg = 504.68 + 0.25 x 2201.96 = 1055.2 kJ/kg 

State 2 has same P from Table B. 1.2 at 200 kPa 

T2 = T^at + 20 = 120.23 + 20 = 140.23°C 
so state 2 is superheated vapor (x = undefined) from Table B.1.3 

h2 = 2706.63 + (2768.8 - 2706.63) ^_^|^20 23 ^ 


h2 - hi = 2748.4 - 1055.2 = 1693.2 kJ/kg 




5.16 

You heat a gas 10 K at P = C. Which one in table A.5 requires most energy? Why? 


A constant pressure process in a control mass gives (recall Eq.5.29) 


192-^2 


ui + iW2 = h2 - hi « Cp AT 


The one with the highest specific heat is hydrogen, H 2 . The hydrogen has the 

smallest mass but the same kinetic energy per mol as other molecules and thus the 
most energy per unit mass is needed to increase the temperature. 
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5.17 

Air is heated from 300 to 350 K at V = C. Find iq 2 ? What if from 1300 to 1350 K? 
Proeess: V = C -> 1 W 2 = 0 

Energy Eq.: U 2 - ui = iq 2 - 0-> iq 2 = U 2 -ui 

Read the u-values from Table A.7.1 

a) iq 2 = U 2 - uj = 250.32 - 214.36 = 36,0 kJ/kg 

b) iq2 = U2 - ui = 1067.94 - 1022.75 = 45.2 kJ/kg 
ease a) Cy « 36/50 = 0.72 kJ/kg K, see A.5 

ease b) Cy » 45.2/50 = 0.904 kJ/kg K (25 % higher) 


5.18 

A mass of 3 kg nitrogen gas at 2000 K, V = C, eools with 500 W. What is dT/dt? 


Proeess: V = C 




lW2=0 


dE 

dt 



= Q-W = Q = -500 W 


2000 ~ ~ ^j 


^2100 - ^1900 

2100-1900 


1819.08 - 1621.66 
200 


= 0.987 kJ/kg K 


dT_ Q _ -500 W nT7 — 

dt “ mCy “ 3 X 0.987 kJ/K “ s 


Remark: Speeifie heat from Table A.5 has Cy 3 qq = 0.745 kJ/kg K whieh is nearly 
25% lower and thus would over-estimate the rate with 25%. 
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5.19 

A drag force on a car, with frontal area A = 2 m^, driving at 80 km/h in air at 20®C is 
F^i = 0.225 A pairV • How mueh power is needed and what is the traction force? 


W = FV 


w o.km 1000 

V = 80-;-=80x 


h 


3600 


ms 


-1 


P 


Pair 


101 


RT 0.287 X 293 


= 22.22 ms'^ 

1.20 kg/m^ 


Fd = 0.225 ApV^ = 0.225 x 2 x 1.2 x 22.22^ = 266.61 N 
W = FV = 266.61 N x 22.22 m/s = 5924 W = 5.92 kW 
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Kinetic and Potential Energy 
5.20 

A hydraulic hoist raises a 1750 kg car 1.8 m in an auto repair shop. The hydraulic 
pump has a constant pressure of 800 kPa on its piston. What is the increase in 
potential energy of the car and how much volume should the pump displace to deliver 
that amount of work? 

Solution; C.V. Car. 

No change in kinetic or internal energy of the car, neglect hoist mass. 

E 2 - El = PE 2 - PEi = mg (Z 2 - Zi) 

= 1750 X 9.80665 x 1.8 = 30 891 J 


The increase in potential energy is work into car 
from pump at constant P. 

W = E2-Ei =jPdV = P AV ^ 



30891 

800 X 1000 


= 0.0386 m3 
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5.21 

A piston motion moves a 25 kg hammerhead vertically down 1 m from rest to a 
velocity of 50 m/s in a stamping machine. What is the change in total energy of the 
hammerhead? 

Solution: C.V. Hammerhead 

The hammerhead does not change internal energy (i.e. same P, T), but it does have 
a change in kinetic and potential energy. 

E 2 - Ej = m(u 2 - uj) + m[(l/ 2 )V 2 ^ - 0] + mg (h 2 - 0) 

= 0 + 25 X (1/2) X 50^ + 25 X 9.80665 x (-1) 

= 31250-245.17 = 31005 J = 31 kJ 
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5.22 

Airplane takeoff from an aireraft earrier is assisted by a steam driven piston/cyUnder 
device with an average pressure of 1250 kPa. A 17500 kg airplane should be 
accelerated from zero to a speed of 30 m/s with 30% of the energy coming from the 
steam piston. Find the needed piston displacement volume. 

Solution; C.V. Airplane. 

No change in internal or potential energy; only kinetic energy is changed. 

E 2 - El = m (1/2) - 0) = 17500 x (1/2) x 30^ = 7875 000 J = 7875 kJ 

The work supplied by the piston is 30% of the energy increase. 


W = 1P dV = Pavg AV = 0.30 (E2 - El) 
= 0.30 X 7875 = 2362.5 kJ 

W 2362.5 , _ c, 

^^“Pavg“ 1250 -l'89m 
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5.23 

Solve Problem 5.22, but assume the steam pressure in the eylinder starts at 1000 kPa, 
dropping linearly with volume to reach 100 kPa at the end of the process. 

Solution; C.V. Airplane. 


E2-Ei=m(l/2)(V2^ -0) 

= 3500 X (1/2) X 30^ 

= 1575000 J= 1575 kJ 
W = 0.25(E2 - El) = 0.25 x 1575 = 393.75 kJ 

W = j P dV = (l/2)(Pbeg + Pend) AV 




2362.5 

1 / 2 ( 1000 + 100 ) 


= 4.29 
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5.24 

A 1200 kg car accelerates from zero to 100 km/h over a distanee of 400 m. The road at 
the end of the 400 m is at 10m higher elevation. What is the total inerease in the ear 
kinetie and potential energy? 


Solution; 


AKE = k 2 m (V 2 - V^) 



100 km/h = 


100 X 1000 

3600 



= 27.78 m/s 



AKE = '/2 xl200 kg X (27.78^ - 0^) (m/s)^ = 463 037 J = 463 kJ 

APE = mg(Z 2 - Zi) = 1200 kg x 9.807 m/s^ ( 10 - 0 ) m = 117684 J = 117.7 kJ 
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5.25 

A 25 kg piston is above a gas in a long vertical cylinder. Now the piston is released 
from rest and accelerates up in the cylinder reaching the end 5 m higher at a velocity 
of 25 m/s. The gas pressure drops during the process so the average is 600 kPa with an 
outside atmosphere at 100 kPa. Neglect the change in gas kinetic and potential energy, 
and find the needed change in the gas volume. 

Solution; 

C.V. Piston 

(E 2 - Ei)pist. = m(u 2 - ui) + m[(l/2)V2 ^ - 0] + mg (h 2 - 0) 

= 0 + 25 X ( 1 / 2 ) X 25^ + 25 X 9.80665 x 5 
= 7812.5 + 1225.8 = 9038.3 J = 9.038 kJ 

Energy equation for the piston is; 

E 2 —El = Wgas - Watm ~ Pavg ^Vgas“Po ^Vgas 
(remark AVatm = - AVgas so the two work terms are of opposite sign) 

AVgas = 9.038/(600 - 100) = 0.018 m3 



V 
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5.26 

The rolling resistance of a car depends on its weight as: F = 0.006 mg. How far will a 
car of 1200 kg roll if the gear is put in neutral when it drives at 90 km/h on a level 
road without air resistance? 


Solution: 

The car decreases its kinetic energy to zero due to the force (constant) acting over the 
distance. 


m (I/ 2 V 2 -l/2Vi) = - 1 W 2 = -! F dx = -FL 

km 90 x1000 1 ^ 1 

V2 = 0, Vi=90-j^= ms^=25ms^ 


2 


-1/2 mVi = -FL = - 0.006 mgL 



0.5 V 


L = 


2 

1 


0.5x25^ 


0.0006g 0.006x9.807 m/s 


2 / 2 
m /s 


2 


= 5311m 


Remark: Over 5 km! The air resistance is much higher than the rolling resistance so 
this is not a realistic number by itself. 
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5.27 

A mass of 5 kg is tied to an elastic cord, 5 m long, and dropped from a tall bridge. 
Assume the cord, once straight, acts as a spring with k = 100 N/m. Find the velocity of 
the mass when the cord is straight (5 m down). At what level does the mass come to 
rest after bouncing up and down? 


Solution; 

Let us assume we can neglect the cord mass and motion. 


l;Vi=0, Zi=0 2;V2, Z2=-5m 

3;V3 = 0, Z 3 =-L , Fyp = mg = kg AL 

2 2 

1^2; 14 mV^ + mg Zj = 14 V 2 + mgZ 2 


Divide by mass and left hand side is zero so 


2 


+gZ2 = 0 


1/2 _ 


1/2 _ 


V 2 = (-2g Z 2 )^'^ = ( -2 X9.807 X (-5)) = 9.9 m/s 


State 3; m is at rest so F^p = 


kg AL = mg 


-2 


AL = 


mg 5 x9.807 kg ms' 


k, 


100 


Nm 


-1 


= 0.49 


L = Lq + AL = 5 + 0.49 = 5.49 m 



m 


So: 


Zt = -L = - 5.49 m 
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Properties (u, h) from General Tables 


5.28 


Find the missing properties. 


a. 

H 20 

r=250°C, v = 0.02m3/kg 

P=1 U=1 

b. 

N 2 

T= 120 K,P = 0.8MPa 

x=l h=l 

c. 

H 20 

r=-2°C,P= lOOkPa 

u = 7 V = ? 

d. 

R-134a 

P = 200 kPa, V = 0.12 m^/kg 

M = ? T=7 


Solution; 




a) Table B. 1.1 

at 250°C: Vf<v<Vg ^ 

P = Psat = 3973 kPa 


X = (v - Vf)/ Vfg = (0.02 - 0.001251)/0.04887 = 0.38365 
u = Uf + X ufg = 1080.37 + 0.38365 x 1522.0 = 1664.28 kJ/kg 

b) Table B.6.1 P is lower than so it is super heated vapor 

=> X = undefined and we find the state in Table B.6.2 
Table B.6.2; h= 114.02 kJ/kg 

e) Table B.1.1 ; T < T^^pig => B.1.5; P > Pgat so eompressed solid 

u = u- = -337.62 kJ/kg v = v- = 1.09x10"^ m^/kg 
approximate eompressed solid with saturated solid properties at same T. 

d) Table B.5.1 superheated vapor => Table B.5.2. 

T~32.5°C = 30 + (40-30) x (0.12 - 0.11889)/(0.12335 - 0.11889) 
u = 403.1 +(411.04-403.1) x 0.24888 = 405.07 kJ/kg 
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5.29 

Find the missing properties of T, P, v, u, h and x if applicable and plot the location of 
the three states as points in the T-v and the P-v diagrams 

a. Water at 5000 kPa, u = 800 kJ/kg 

b. Water at 5000 kPa, v = 0.06 m^/kg 

c. R-134a at 35®C, V = 0.01 m^/kg 
Solution: 

a) Look in Table B. 1.2 at 5000 kPa 

u<Uf = 1147.78 => compressed liquid 

Table B. 1.4: between 180 ‘'C and 200 °C 

800 - 759.62 

T = 180 + (200 - 180) Qg _ ^2 = 180 + 20*0.4567 = 189.1 C 

V = 0.001124 + 0.4567 (0.001153 - 0.001124) = 0.001137 

b) Look in Table B. 1.2 at 5000 kPa 

V > Vg = 0.03944 => superheated vapor 

Table B.1.3: between 400 and 450 ®C. 

T = 400 + 50*(0.06 - 0.05781)/(0.0633 - 0.05781) 

= 400 + 50*0.3989 = 419.95 

h = 3195.64 + 0.3989 *(3316.15 - 3195.64) = 3243.71 


c) B.5.1: Vf < V < Vg 

=> 2-phase, P = Pg^t = 887.6 kPa, 
x = (v-Vf)/vfg =(0.01 -0.000857)70.02224 = 0.4111 

u = Uf + X Ufg = 248.34 + 0.4111*148.68 = 309.46 kJ/kg 


States shown are placed 

relative to the 
two-phase 
region, not to 
each other. 
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5.30 

Find the missing properties and give the phase of the ammonia, NH 3 . 

a. T = 65°C, P = 600 kPa u = ? v = ? 

b. T = 20‘'C,P= lOOkPa u = ? v = ? x = ? 

c. T = 50°C, v = 0.1185 m3/kg u = ? P = ? x = ? 

Solution: 

a) Table B.2.1 P < Psat => superheated vapor Table B.2.2: 

V = 0.5 X 0.25981 + 0.5 x 0.26888 = 0.2645 m^/kg 
u = 0.5 X 1425.7 + 0.5 x 1444.3 = 1435 kJ/kg 

b) Table B.2.1: P < Psat => X = undefined, superheated vapor, from B.2.2: 

V = 1.4153 m^/kg ; u = 1374.5 kJ/kg 

c) Sup. vap. ( V > Vg) Table B.2.2. P = 1200 kPa, x = undefined 

u = 1383 kJ/kg 

States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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5.31 

Find the phase and missing properties of P, T, v, u, and x. 

a. Water at 5000 kPa, u = 1000 kJ/kg (Table B.l referenee) 

b. R-134a at 20°C, u = 300 kJ/kg 
e. Nitrogen at 250 K, 200 kPa 

Show also the three states as labeled dots in a T-v diagram with eorreet position 
relative to the two-phase region. 

Solution: 


a) Compressed liquid: B.l.4 interpolate between 220®C and 240®C. 

T = 233,3®C, V = 0,001213 m^/kg, x = undeflned 

b) Table B.5.1: u<Ug => two-phase liquid and vapor 

X = (u - Uf)/Ufg = (300 - 227.03)/!62.16 = 0.449988 = 0.45 
V = 0.000817 + 0.45*0.03524 = 0.01667 m^/kg 

e) Table B.6.1: T > T^^^^ (200 kPa) so superheated vapor in Table B.6.2 

X = undeflned 

V = 0.5(0.35546 + 0.38535) = 0.3704 m^/kg, 
u = 0.5(177.23 + 192.14) = 184.7 kJ/kg 
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5.32 


Find the missing properties and give the phase of the substanee 


a. 

H 20 

T= 120°C,v = 0.5m3/kg 

M = ? 

P = ? x = ? 

b. 

H 20 

T= 100°C,P= lOMPa 

u = 7 

x = ? v = ? 

c. 

N 2 

r=200 K,P = 200kPa 

v = 7 

M = ? 

d. 

NH 3 

T= 100°C, v = 0.1 m^/kg 

P = 7 

X = ? 

e. 

N 2 

T= 100 K,x = 0.75 

v = ? 

u = 7 


Solution: 

a) Table B. 1.1: Vf < v < Vg => L+V mixture, P = 198,5 kPa, 

x = (0.5 -0.00106)/0.8908 =0.56, 
u = 503.48 + 0.56 x 2025.76 = 1637.9 kJ/kg 

b) Table B. 1.4: eompressed liquid, v = 0,001039 m^/kg, u = 416,1 kJ/kg 

e) Table B.6.2: 200 K, 200 kPa 

V = 0.29551 m^/kg ; u = 147.37 kJ/kg 

d) Table B.2.1: v>Vg => superheated vapor, x = undefined 

B.2.2: P = 1600 + 400 1694 kPa 

e) Table B.6.1: 100 K, x = 0.75 

V = 0.001452 + 0.75 x 0.02975 = 0.023765 m^/kg 
u =-74.33 + 0.75 x 137.5 = 28.8 kJ/kg 
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5.33 

Find the missing properties among (T, P, v, u, h and x if applieable) and give the 
phase of the substanee and indicate the states relative to the two-phase region in both a 
T-v and a P-v diagram. 

a. R-12 P = 500 kPa, h = 230 kJ/kg 

b. R-22 T = lO^'C, u = 200 kJ/kg 

c. R-134a T = dO^'C, h = 400 kJ/kg 

Solution: 

a) Table B.3.2 :h>hg => superheated vapor, look in section 500 kPa and 
interpolate 

T = 68.06°C, V = 0.04387 m^/kg, u = 208.07 kJ/kg 


b) Table B. 4.1: u<Ug => L+V mixture, P = 680.7 kPa 


U - Uf 

X = 

Ufg 


200 - 55.92 
173.87 


0.8287, 


V = 0.0008 + 0.8287 x 0.03391 = 0.0289 m^/kg, 
h = 56.46 + 0.8287 x 196.96 = 219.7 kJ/kg 


c) Table B.5.1: h < hg => two-phase L -i- V, look in B.5.1 at 40°C: 


^ h-hf ^ 400,256.5 
hfg “ 163.3 

P = Psat= 1017 kPa, 


0.87875 


V = 0.000 873 + 0.87875 x 0.01915 = 0.0177 m^/kg 
u = 255.7 + 0.87875 x 143.8 = 382.1 kJ/kg 



States shown are 
placed relative to the 
two-phase region, not 
to each other. 
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5.34 

Saturated liquid water at 20”C is compressed to a higher pressure with constant 
temperature. Find the changes in u and h from the initial state when the final pressure 
is a) 500 kPa, b) 2000 kPa, c) 20 000 kPa 

Solution; 


State 1 is located in Table B.1.1 and the states a-c are from Table B.1.4 


State 

U [kJ/kg] 

h [kJ/kg] 

Au = u - u^ 

Ah = h - h^ 

A(Pv) 

1 

83.94 

83.94 




a 

83.91 

84.41 

-0.03 

0.47 

0.5 

b 

83.82 

85.82 

-0.12 

1.88 

2 

c 

82.75 

102.61 

-1.19 

18.67 

20 


For these states u stays nearly constant, dropping slightly as P goes up. 
h varies with Pv changes. 




V 
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Energy Equation: Simple Process 

5.35 

A 100-L rigid tank contains nitrogen (N 2 ) at 900 K, 3 MPa. The tank is now eooled to 
100 K. What are the work and heat transfer for this process? 

Solution: 

C.V.: Nitrogen in tank, m 2 = ; 

Energy Eq.5.11: m(u 2 - Uj) = ^Q 2 - ^W 2 

Process: V = constant, V 2 = = V/m => jW 2 = 0 

Table B. 6 .2: State 1: Vj = 0.0900 /kg => m = V/Vj = 1.111 kg 

Uj = 691.7 kJ/kg 

State 2: 100 K, V 2 = v^=V/m, look in Table B. 6 .2 at 100 K 

200 kPa: v = 0.1425 /kg; u = 71.7kJ/kg 

400 kPa: v = 0.0681 m^/kg; u = 69.3 kJ/kg 
so a linear interpolation gives: 

P 2 = 200 + 200 (0.09 - 0.1425)/(0.0681 - 0.1425) = 341 kPa 

0.09 - 0.1425 

U 2 = 71.7 + (69.3 — 71.7) q _ q ^^425 ~ 20.0 kJ/kg, 


^Q2 = m(u2 -u^)= 1.111 (70.0-691.7) = -690.7 kJ 



Sonntag, Borgnakke and van Wylen 


5.36 

A rigid container has 0.75 kg water at 300°C, 1200 kPa. The water is now cooled to a 
final pressure of 300 kPa. Find the final temperature, the work and the heat transfer in 
the process. 


Solution; 

C.V. Water. Constant mass so this is a control mass 


Energy Eq.; U 2 - Ui = 1 Q 2 - 1 W 2 
Process eq.; V = constant, (rigid) 


=> 


lW2= jPdV = 0 


State 1; 300'’C, 1200 kPa 


=> superheated vapor Table B. 1.3 
v = 0.21382 m^/kg, u = 2789.22 kJ/kg 



State 2; 300 kPa and V 2 = v^ from Table B. 1.2 

T2 = T^at = ISS.SS^C 

V2-Vf 0.21382 -0.001073 _ 

X2= - = --=0.35179 


V 2 < Vg two-phase 




0.60475 


U2 = Uf + X2 Ufg = 561.13 + X2 1982.43 = 1258.5 kJ/kg 

1Q2 = m(u2 - ui) + 1W2 = m(u2 - ui) 

= 0.75 (1258.5 - 2789.22) = -1148 kJ 
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5.37 

A cylinder fitted with a frietionless piston contains 2 kg of superheated refrigerant R- 

134a vapor at 350 kPa, 100”C. The cylinder is now eooled so the R-134a remains at 
eonstant pressure until it reaehes a quality of 75%. Calculate the heat transfer in the 
proeess. 

Solution; 

C.V.: R-134a m 2 = = m; 

Energy Eq.5.11 m(u 2 - u^) = ^Q 2 - ^W 2 

Proeess: P = eonst. ^ ^W 2 = /PdV = PAV = P(V 2 - = Pm(v 2 - v^ 



State 1; Table B.5.2 h^ = (490.48 + 489.52)/2 = 490 kJ/kg 

State 2: Table B.5.1 h 2 = 206.75 + 0.75 xl94.57 = 352.7 kJ/kg (350.9 kPa) 

^Q2 = m(u2 - u^) + ^W2 = m(u2 - u^) + Pm(v2 - v^) = m(h2 - h^) 
jQ2 = 2 X (352.7 - 490) = -274.6 kJ 
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5.38 

Ammonia at 0°C, quality 60% is contained in a rigid 200-L tank. The ta nk and 
ammonia is now heated to a final pressure of 1 MPa. Determine the heat transfer for 
the process. 


Solution: 

C.V.: NH 3 

/ - 




m(u2-Ui)=iQ2-iW2 

Process: Constant volume ^ V 2 = v^ & 

State 1: Table B.2.1 two-phase state. 

Vj = 0.001566 + Xj X 0.28783 = 0.17426 m^/kg 

Uj = 179.69 + 0.6 X 1138.3 = 862.67 kJ/kg 


Continuity Eq.: 
Energy Eq.5.11: 



m = V/Vj =0.2/0.17426= 1.148 kg 
State 2: superheated vapor Table B.2.2 

^T 2 = 100°C, U 2 = 1490.5 kJ/kg 

So solve for heat transfer in the energy equation 

jQ 2 = m(u 2 - up = 1.148(1490.5 - 862.67) = 720.75 kJ 
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5.39 

Water in a 150-L closed, rigid tank is at 100°C, 90% quality. The tank is then cooled 
to -10°C. Calculate the heat transfer during the process. 

Solution; 

C.V.: Water in tank. m 2 = ; 

Energy Eq.5.11: m(u 2 - u^) = ^Q 2 - ^W 2 

Process: V = constant, V 2 = 

State 1; Two-phase L + V look in Table B.1.1 

= 0.001044 + 0.9 X 1.6719 = 1.5057 m^/kg 

Uj = 418.94 + 0.9 X 2087.6 = 2297.8 kJ/kg 
State 2: T 2 , ^2 = ^ mix of saturated solid + vapor Table B.1.5 

V2= 1.5057 = 0.0010891 +X 2 X 466.7 => X 2 = 0.003224 

U 2 = -354.09 + 0.003224 x 2715.5 = -345.34 kJ/kg 
m = V/Vj =0.15/1.5057 = 0.09962 kg 
^Q2 = m(u2 - up = 0.09962(-345.34 - 2297.8) = -263.3 kJ 





V 
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5.40 

A piston/cylinder contains 1 kg water at 20®C with volume 0.1 m^. By mistake 
someone locks the piston preventing it from moving while we heat the water to 
saturated vapor. Find the final temperature and the amount of heat transfer in the 
process. 


Solution; 

C.V. Water. This is a control mass 
Energy Eq.; m (u 2 - Ui ) = 1 Q 2 - 1 W 2 
Process : V = constant 1 W 2 = 0 

State 1; T, v^ = V^/m = 0.1 m /kg > Vf so two-phase 


vi-Vf 0.1-0.001002 .. 

xi= - =—— = 0.0017131 




57.7887 


ui = Uf + xi Ufg = 83.94 + X 2318.98 = 87.913 kJ/kg 


State 2: 


V2 = Vi = 0.1 & X2 =1 

found in Table B.1.1 between 210°C and 215° C 


T2 = 210 + 5 X 


0.1-0.10441 

0.09479-0.10441 


= 210 + 5 X 0.4584 = 212.3°C 


U2 = 2599.44 + 0.4584 (2601.06 - 2599.44) = 2600.2 kJ/kg 


Erom the energy equation 


1 Q 2 = m(u 2 - ui) = 1( 2600.2 - 87.913) = 2512.3 kJ 
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5.41 


A test cylinder with constant volume of 0.1 L contains water at the critical point. It 
now cools down to room temperature of 20°C. Calculate the heat transfer from the 
water. 

Solution; 

C.V.; Water 
m 2 = mj = m ; 

Energy Eq.5.11: m(u 2 - u^ = ^Q 2 - ^W 2 


Process: Constant volume ^ V 2 = v^ 
Properties from Table B. 1.1 
State 1: v^ ^ \ ^ 0.003155 m^/kg, 

u^ = 2029.6 kJ/kg 



m = V/v^ = 0.0317 kg 

State 2: T 2 , ^2 = = 0.001002 + ^ 2 ^ 57.79 

X 2 = 3.7x10"^, U 2 = 83.95 + X 2 X 2319 = 84.04 kJ/kg 
Constant volume => ^W 2 = 0 

jQ2 = m(u2 - u^) = 0.0317(84.04 - 2029.6) = -61.7 kJ 
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5.42 

A 10-L rigid tank contains R-22 at -10°C, 80% quality. A 10-A electric current (from 
a 6-V battery) is passed through a resistor inside the tank for 10 min, after which the 
R-22 temperature is 40°C. What was the heat transfer to or from the tank during this 
process? 

Solution; 


C.V. R-22 in tank. Control mass at constant V. 


Continuity Eq.; 


= = m; 


Energy Eq.; m(u 2 - u^ = ^Q 2 - ^W 2 


Process; 


Constant V 


^2 = ^1 


=> no boundary work, but electrical work 



State 1 from table B.4.1 

Vj = 0.000759 + 0.8 x 0.06458 = 0.05242 m^/kg 

u^ = 32.74 + 0.8 X 190.25 = 184.9 kJ/kg 

m = V/v = 0.010/0.05242 = 0.1908 kg 
State 2; Table B.4.2 at 40°C and ^2 = = 0.05242 m^/kg 

=> sup.vapor, so use linear interpolation to get 

P 2 = 500 + 100 X (0.05242 - 0.05636)/(0.04628 - 0.05636) = 535 kPa, 
m = 250.51 + 0.35x (249.48-250.51) = 250.2 kJ/kg 


10 X 6 X 10 X 60 

1 W 2 = -power X At = -Amp x volts x At = --= -36 kJ 


jQ2 = m(u2 - u^) + ^W2 = 0.1908 ( 250.2 - 184.9) - 36 =-23.5 kJ 
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5.43 

A piston/cylinder contains 50 kg of water at 200 kPa with a volume of 0.1 m . Stops 
in the eylinder are placed to restriet the enelosed volume to a maximum of 0.5 m . The 
water is now heated until the piston reaehes the stops. Find the necessary heat transfer. 

Solution; 

C.V. FI 2 O m = eonstant 

Energy Eq.5.11; m(e 2 - = m(u 2 -u^) = ^Q 2 - ^W 2 

Process : P = eonstant (forces on piston constant) 

W, = JpdV = P, (V,-V,) 




Properties from Table B.1.1 

State 1 : v^ = 0.1/50 = 0.002 m^/kg => 2-phase as v^ < Vg 


vi-Vf 

X = 

''fg 


0.002-0.001061 

0.88467 


0.001061 


State 2 ; 


h = 504.68 + 0.001061 x 2201.96 = 507.02 kJ/kg 


v.,= 0.5/50 = 0.01 m^/kg 


also 2-phase same P 


V2-Vf 0.01 -0.001061 . 

Xt = = /rooTFT =0.01010 

2 Vfg 0.88467 

h2 = 504.68 + 0.01010 X 2201.96 = 526.92 kJ/kg 

Eind the heat transfer from the energy equation as 

^Q2 = m(u2 - u^ + ^W2 = m(h2 - h^) 
jQ 2 = 50 kg X (526.92 - 507.02) kJ/kg = 995 kJ 
[ Notice that ^W 2 = P^ (V 2 - = 200 x (0.5 - 0.1) = 80 kJ ] 
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5.44 

A constant pressure piston/eylinder assembly eontains 0.2 kg water as saturated vapor 
at 400 kPa. It is now eooled so the water oeeupies half the original volume. Find the 
heat transfer in the proeess. 


Solution: 

C.V. Water. This is a eontrol mass. 

Energy Eq.5.11: m(u 2 - u^) = ^Q 2 - ^W 2 

Proeess: P = eonstant => ^W 2 = Pm(v 2 - v^) 

So solve for the heat transfer: 

jQ 2 = m(u2 - u^) + ^W2 = m(u2 - u^) + Pm(v2 - v^) = m(h2 - h^) 
State 1: Table B.1.2 v^ = 0.46246 m^/kg; h^ = 2738.53 kJ/kg 



2 = 0.23123 = v^+ X V 



from Table B.1.2 


X2 = (V2 - Vf) / Vfg = (0.23123 - 0.001084) / 0.46138 = 0.4988 
h2 = hf + X2 hfg = 604.73 + 0.4988 x 2133.81 = 1669.07 kJ/kg 
jQ2 = 0.2 (1669.07 - 2738.53) = -213.9 KJ 


State 2: 
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5.45 

Two kg water at 120°C with a quality of 25% has its temperature raised 20°C in a 
constant volume process as in Fig. P5.45. What are the heat transfer and work in the 
process? 


Solution; 

C.V. Water. This is a control mass 
Energy Eq.; m (u 2 - ui ) = 1 Q 2 - 1 W 2 
Process ; V = constant 

^ 1 W 2 = j P dV = 0 
State 1; T, from Table B. 1.1 



Vi = Vf + x^ Vfg = 0.00106 + 0.25 x 0.8908 = 0.22376 m^/kg 
VLi = Uf + xi Ufg = 503.48 + 0.25 x 2025.76 = 1009.92 kJ/kg 

State 2: T 2 , V 2 = vi< Vg 2 = 0.50885 m^/kg so two-phase 



^2 - Vf2 

''fg2 


0.22376 -0.00108 
0.50777 


0.43855 


U 2 = Uf 2 + X 2 Ufg 2 = 588.72 + X 2 x 1961.3 = 1448.84 kJ/kg 

Prom the energy equation 

1 Q 2 = m(u2 - ui) = 2 ( 1448.84 - 1009.92 ) = 877.8 kJ 
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5.46 

A 25 kg mass moves with 25 m/s. Now a brake system brings the mass to a complete 
stop with a constant deceleration over a period of 5 seconds. The brake energy is 

absorbed by 0.5 kg water initially at 20°C, 100 kPa. Assume the mass is at constant P 
and T. Find the energy the brake removes from the mass and the temperature increase 
of the water, assuming P = C. 


Solution: 

C.V. The mass in motion. 

- E^= AE = 0.5 mV^ = 0.5 x 25 x 25^/1000 = 7.8125 kJ 


C.V. The mass of water. 


m(u2 - u^) H 2 O ^ = 7.8125 kJ => 

U 2 = u^ + 15.63 = 83.94 + 15.63 = 99.565 kJ/kg 


U 2 - Ui = 7.8125 / 0.5 = 15.63 


Assume U 2 = u^ then from Table B. 1.1: T2=23.7®C, AT = 3.7“C 

We could have used U 2 - Uj = CAT with C from Table A.4: C = 4.18 kJ/kg K 
giving AT = 15.63/4.18 = 3.7®C. 
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5.47 

An insulated cylinder fitted with a piston contains R-12 at 25 °C with a quality of 90% 
and a volume of 45 L. The piston is allowed to move, and the R-12 expands until it 
exists as saturated vapor. During this process the R-12 does 7.0 kJ of work against the 
piston. Determine the final temperature, assuming the process is adiabatic. 

Solution; 

Take CV as the R-12. 

Continuity Eq.: m 2 = m^ = m ; 


Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

State 1; (T, x) Tabel B.3.1 => 

Vj = 0.000763 + 0.9 x 0.02609 = 0.024244 m^/kg 

m = V/v^ = 0.045/0.024244 = 1.856 kg 


Uj = 59.21 + 0.9 X 121.03 = 168.137 kJ/kg 

State 2; (x = 1, ?) We need one property information. 

Apply now the energy equation with known work and adiabatic so 

^Q2 = 0 = m(u2 - ui) + 1 W 2 = 1.856 x (U 2 - 168.137) + 7.0 


=> 


U 2 = 164.365 kJ/kg = Ug at T 2 


Table B.3.1 gives u„ at different temperatures; T, ^ -15°C 
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5.48 

A water-filled reactor with volume of 1 is at 20 MPa, 360°C and placed inside a 
containment room as shown in Fig. P5.48. The room is well insulated and initially 
evacuated. Due to a failure, the reactor ruptures and the water fills the containment 
room. Find the minimum room volume so the final pressure does not exceed 200 kPa. 

Solution; 

Solution; 

C.V.; Containment room and reactor. 

Mass; m 2 = m^ = V^gactor^'^l ^ 1/0.001823 = 548.5 kg 


Energy; m(u 2 - Uj) = jQ 2 - ^W 2 = 0-0 = 0 


State 1; Table B. 1.4 


v^ = 0.001823 m'^/kg, u^ = 1702.8 kJ/kg 


Energy equation then gives u., = Uj = 1702.8 kJ/kg 


State 2; P^ = 200 kPa, Ut < u 


=> Two-phase Table B. 1.2 


^2 = 


(U2 - Uf)/ Ufg = (1702.8 - 504.47)72025.02 = 0.59176 


V 2 = 0.001061 + 0.59176 x 0.88467 = 0.52457 m^/kg 


V 2 = m 2 V 2 = 548.5 xO.52457 = 287.7 





T 


200 kPa 


2 
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5.49 

A piston/cyUnder arrangement eontains water of quality x = 0.7 in the initial volume 

of 0.1 m , where the piston applies a eonstant pressure of 200 kPa. The system is now 
heated to a final temperature of 200°C. Determine the work and the heat transfer in the 
proeess. 

Take CV as the water. 

Continuity Eq.; m 2 = m^ = m ; 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

Proeess: P = eonstant ^ jW 2 = /PdV = Pm(v 2 - v^) 

State 1; Table B.1.2 

Ti = Tsat at 200 kPa = 120.23°C 

v^ = Vf + xvfg = 0.001061 + 0.7 X 0.88467 = 0.62033 m^ 
hi = hf + xhfg = 504.68 + 0.7 x 2201.96 = 2046.05 kJ/kg 

Total mass can be determined from the initial condition, 

m = Vi/vi =0.1/0.62033 = 0.1612 kg 

T 2 = 200°C, P 2 = 200 kPa (Table B.1.3) gives V 2 = 1.08034 mVkg 
h 2 = 2870.46 kJ/kg (Table B.1.3) 

V 2 = mv 2 = 0.1612 kg x 1.08034 m^/kg = 0,174 

Substitute the work into the energy equation 

1Q2 =U2-Ui + iW2 = m(u2-Ui + Pv2-Pvi) = m(h2-hi) 


iQ 2 = 0.1612 kg X (2870.46-2046.05) kJ/kg = 132,9 kJ (heat added to system). 
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5.50 

A piston/cyUnder arrangement has the piston loaded with outside atmospheric 
pressure and the piston mass to a pressure of 150 kPa, shown in Fig. P5.50. It contains 
water at -2°C, which is then heated until the water becomes saturated vapor. Find the 
hnal temperature and specific work and heat transfer for the process. 

Solution; 


C.V. Water in the piston cylinder. 
Continuity: m 2 = mp 


Energy Eq. per unit mass: 


^ 2-^1 = 1 ^ 2 - 1^2 


2 

Process: P = constant = Pp => jW 2 = / P dv = P^(v 2 - v^ 

1 


State 1; , Pj => Table B.1.5 compressed solid, take as saturated solid. 

Vj = 1.09x10'^ m^/kg, Uj = -337.62 kJ/kg 
State2:x=l, P 2 = P^ = 150kPa due to process => Table B.1.2 

V 2 = Vg(P2) = 1.1593 m^/kg, T2 = 111.4°C; U 2 = 2519.7 kJ/kg 
Prom the process equation 

jW 2 = Pi(v 2 -v^) = 150(1.1593 -1.09x10"^) = 173.7 kJ/kg 

Prom the energy equation 

jq2 = U 2 - u^ + ^W2 = 2519.7 - (-337.62) + 173.7 = 3031 kJ/kg 
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5.51 

A piston/cyUnder assembly contains 1 kg of liquid water at 20®C and 300 kPa. There is 
a linear spring mounted on the piston such that when the water is heated the pressure 
reaches 1 MPa with a volume of 0.1 m . Find the final temperature and the heat transfer 
in the process. 

Solution: 

Take CV as the water. 

m2 = mi = m ; m(u2 - ui) = 1 Q 2 - 1 W 2 
State 1: Compressed liquid, take saturated liquid at same temperature. 

Vi = Vf(20) = 0.001002 m3/kg, u^ = Uf = 83.94 kJ/kg 

State 2: V 2 

=> Two phase as V 2 < Vg so T 2 = T^j^t = 179,9°C 

X2 = (V2 - Vf) /vfg = (0.1 - 0.001127)/0.19332 = 0.51145 
U2 = Uf + X2Ufg = 780.08+ 0.51147 X 1806.32 = 1703.96 kJ/kg 
Work is done while piston moves at linearly varying pressure, so we get 

lW2 = !PdV = area = P,^g(V2 -Vi) 

= 0.5 X (300 + 1000X0.1 - 0.001) = 64.35 kJ 

Heat transfer is found from the energy equation 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 1 X (1703.96 - 83.94) + 64.35 = 1684 kJ 


V 2 /m = 0.1/1 = 0.1 m^/kg and P= 1000 kPa 
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5.52 

A closed steel bottle eontains ammonia at -20°C, x = 20% and the volume is 0.05 m^. 
It has a safety valve that opens at a pressure of 1.4 MPa. By accident, the bottle is 
heated until the safety valve opens. Find the temperature and heat transfer when the 
valve first opens. 

Solution: 

C.V.: NH^ : m 2 = m^ = m ; 

Energy Eq.5.11: m(u 2 - u^) = ^Q 2 - ^W 2 

Proeess: constant volume proeess ^ ^W 2 = 0 
State 1: (T, x) Table B.2.1 

Vj = 0.001504 + 0.2 X 0.62184 = 0.1259 m^/kg 
=> m = V/v^ = 0.05/0.1259 = 0.397 kg 
u^ = 88.76 + 0.2 X 1210.7 = 330.9 kJ/kg 

State 2: P 2 ’ ^^2 ^ superheated vapor, interpolate in Table B.2.2: 

T = 110°C = 100 + 20(0.1259 - 0.12172)/(0.12986 - 0.12172), 

U 2 = 1481 + (1520.7 - 1481) x 0.51 = 1501.25 kJ/kg 

^Q2 = m(u2 - u^) = 0.397(1501.25 - 330.9) = 464,6 kJ 
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5.53 

Two kg water at 200 kPa with a quality of 25% has its temperature raised 20®C in a 
constant pressure process. What are the heat transfer and work in the process? 


C.V. Water. This is a control mass 
Energy Eq.; m (u 2 - Ui ) = 1 Q 2 - 1 W 2 

Process: P = constant 1 W 2 = j P dV = mP (v 2 - v^) 


State 1: Two-phase given P,x so use Table B.1.2 

vi = 0.001061 + 0.25 X 0.88467 = 0.22223 m^/kg 

ui = 504047 + 0.25 x 2025.02 = 1010.725 kJ/kg 

T = T + 20 = 120.23 + 20 = 140.23 
State 2 is superheated vapor 

V 2 = 0.88573 + 15Q.120 23 ^ (0-95964 - 0.88573 ) = 0.9354 m^/kg 
U2 = 2529.49 + 15Q.120 23 (2576.87- 2529.49) = 2561.32 kJ/kg 


Prom the process equation we get 

1 W 2 = mP (V 2 - vi) = 2 X 200 ( 0.9354 - 0.22223) = 285.3 kJ 

Prom the energy equation 


lQ2 = m(u2 


ui) + 1W2 


= 2 ( 2561.32 - 1010.725 ) + 285.3 
= 3101.2+ 285.27 = 3386.5 kJ 
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5.54 

Two kilograms of nitrogen at 100 K, x = 0.5 is heated in a constant pressure process to 
300 K in a piston/cylinder arrangement. Find the initial and final volumes and the total 
heat transfer required. 

Solution; 

Take CV as the nitrogen. 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

Process; P = constant ^ jW 2 = /PdV = Pm(v 2 - v^ 

State 1; Table B.6.1 

v^ = 0.001452 + 0.5 X 0.02975 = 0.01633 m^/kg, = 0.0327 

hj = -73.20 + 0.5 X 160.68 = 7.14 kJ/kg 
State 2; (P = 779.2 kPa , 300 K) => sup. vapor interpolate in Table B.6.2 
V 2 = 0.14824 +(0.11115-0.14824)x 179.2/200 = 0.115 m^/kg, V 2 = 0.23 

h 2 = 310.06 + (309.62-310.06) x 179.2/200 = 309.66 kJ/kg 

Now solve for the heat transfer from the energy equation 

^Q2 = m(u2 - u^) + ^W2 = m(h2 - h^) = 2 x (309.66 - 7.14) = 605 kJ 
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5.55 


A 1-L capsule of water at 700 kPa, 150°C is placed in a larger insulated and otherwise 
evacuated vessel. The capsule breaks and its contents fill the entire volume. If the final 
pressure should not exceed 125 kPa, what should the vessel volume be? 

Solution: 

C.V. Larger vessel. 

Continuity: m 2 = m^ = m = V/v^ =0.916 kg 
Process: expansion with 1 Q 2 = 0 , 1 W 2 = 0 


Energy: m(u 2 - Ui) = 1 Q 2 - 1 W 2 = 0 => U 2 = ui 
State 1: vj = vf = 0.001091 m^/kg; u^ = uf = 631.66 kJ/kg 


State 2: P 2 , U 2 



631.66-444.16 

2069.3 


0.09061 


V 2 = 0.001048 + 0.09061 x 1.37385 = 0.1255 m^/kg 


3 _ 


V 2 = mv2 = 0.916 X 0.1255 = 0.115 m'’ = 115 L 





200 kPa 
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5.56 


Superheated refrigerant R-134a at 20°C, 0.5 MPa is cooled in a piston/cyUnder 
arrangement at constant temperature to a final two-phase state with quality of 50%. 
The refrigerant mass is 5 kg, and during this process 500 kJ of heat is removed. Find 
the initial and final volumes and the necessary work. 

Solution; 

C.V. R-134a, this is a control mass. 

Continuity: m 2 = m^ = m ; 


Energy Eq.5.11; ni(u 2 -u^) = 1 Q 2 - 1 W 2 = -500 - iW 2 

State l;Ti,Pi Table B.5.2, vj = 0.04226 m^/kg ; u^ = 390.52 kJ/kg 

=> Vj = mv^ = 0,211 


State 2; T 2 , X 2 


Table B.5.1 


U2 = 227.03 + 0.5 X 162.16 = 308.11 kJ/kg, 

V 2 = 0.000817 + 0.5 X 0.03524 = 0.018437 m^/kg => V 2 = mv 2 = 0.0922 
1W2 =-500 - m(u2 - ui) =-500 - 5 X (308.11 - 390.52) = -87.9 kJ 
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5.57 

A cylinder having a piston restrained by a linear spring (of spring constant 15 kN/m) 

contains 0.5 kg of saturated vapor water at 120°C, as shown in Fig. P5.57. Heat is 
transferred to the water, eausing the piston to rise. If the piston eross-seetional area is 
0.05 m2, and the pressure varies linearly with volume until a final pressure of 500 kPa 
is reaehed. Find the final temperature in the cylinder and the heat transfer for the 
proeess. 

Solution; 

C.V. Water in cylinder. 

Continuity: m 2 = m^ = m ; 


Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

State 1; (T, x) Table B.1.1 => vj = 0.89186 m^/kg, u^ = 2529.2 kJ/kg 

15 X 0.5 

Process: P 2 ^ ^1 + 2 (^^2 ‘ '^l) ^ 198.5 + ^ (^2 - 0.89186) 

Ap (0.05) 

State 2: P 2 = 500 kPa and on the proeess eurve (see above equation). 

=> V 2 = 0.89186 + (500 - 198.5) x (0.052/7.5) = 0.9924 m^/kg 
(P,v) Table B. 1.3 => T 2 = 803°C; U 2 = 3668 kJ/kg 


W 12 = / PdV 


V 2 y 


m(v2 - vi) 


6198.5 + 500) 

V 2 y 


X 0.5 X (0.9924 - 0.89186) = 17.56 kJ 


1 Q 2 = m(u 2 - ui) + 1 W 2 = 0.5 X (3668 - 2529.2) + 17.56 = 587 kJ 





V 


V 
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5.58 


A rigid tank is divided into two rooms by a membrane, both eontaining water, shown 
in Fig. P5.58. Room A is at 200 kPa, v = 0.5 m^/kg, = 1 m^, and room B eontains 
3.5 kg at 0.5 MPa, 400°C. The membrane now ruptures and heat transfer takes place 
so the water comes to a uniform state at 100°C. Find the heat transfer during the 
process. 


Solution; 

C.V.: Both rooms A and B in tank. 



A 

■s 

B 

J 





Continuity Eq.: = m^^ + m^^ ; 


Energy Eq.: 


^ 2^2 ■ “^Al^Al ■ 1^2 ‘ 1^2 


State lA: (P, v) Table B.1.2, m^^ = V^/v^^ = 1/0.5 = 2 kg 


v-vf 0.5 -0.001061 
^Al “ Vfg “ 0.88467 “ 

u^^ = Uf + X Ufg = 504.47 + 0.564 x 2025.02 = 1646.6 kJ/kg 


State IB; Table B. 1.3, Vg^ = 0.6173, Ug^ = 2963.2, Vg = m^^Vg^ = 2.16 m^ 

'J 

Process constant total volume; + Vg = 3.16 m and ^W 2 = 0 

™2 ^ ^A1 ^ ^B1 ^ V 2 = V^Qj./m2 = 0.5746 m/kg 

State 2; T 2 , V 2 ^ Table B.1.1 two-phase as V 2 < Vg 


_ V2-Vf _ 0.5746-0.001044 

^2“ Vfg “ 1.67185 -0-343, 

U 2 = Uf+X Ufg = 418.91 +0.343 x 2087.58= 1134.95 kJ/kg 

Heat transfer is from the energy equation 

1 Q 2 = m2U2 - m^^u^^ - mg^ug^ = -7421 kJ 
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5.59 

A 10-m high open cylinder, A^yi = 0.1 m^, contains 20°C water above and 2 kg of 
20°C water below a 198.5-kg thin insulated floating piston, shown in Fig. P5.59. 
Assume standard g, Po. Now heat is added to the water below the piston so that it 
expands, pushing the piston up, causing the water on top to spill over the edge. This 
process continues until the piston reaches the top of the cylinder. Find the final state of 
the water below the piston {T, P, v) and the heat added during the process. 


Solution; 


C.V. Water below the piston. 

Piston force balance at initial state: fT = Fn1< = P. A = m-S + m „2 + PaA 


State 1 a,b: Comp. Liq. 


= rnpg + mgg + Bq 
V = Vf = 0.001002 m^/kg; u^^ = 83.95 kJ/kg 


3 . 


Vai = niAVAi = 0.002 m ; = Vto^/v = 1/0.001002 = 998 kg 


mass above the piston mg^ = m^gj - mA = 996 kg 

(198.5+996)*9.807 

Pai =Po + (nip + mB)g/A= 101.325 + 0.1*1000 = 218.5 kPa 

mpg a 

State 2a: Pa2 ^ Pq + ^ ^ 120.8 kPa ; va 2 = mA= 0.5 m'^/kg 

xa2 = (0.5 - 0.001047)/1.4183 = 0.352 ; T 2 = 105°C 
ua 2 = 440.0 + 0.352 x 2072.34 = 1169.5 kJ/kg 


Continuity eq. in A; mA 2 = niAi 

Energy: mA(u 2 - ui) = 1 Q 2 - 1 W 2 
Process: P linear in V as mg is linear with V 

lW2 = /PdV = |(218.5 + 120.82X1 -0.002) 

= 169.32 kJ 



1Q2 = niA(u2 - ui) + 1 W 2 = 2170.1 + 169.3 = 2340.4 kJ 
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5.60 

Assume the same setup as in Problem 5.48, but the room has a volume of 100 m . 
Show that the final state is two-phase and find the final pressure by trial and error. 

C.V.: Containment room and reactor. 

Mass: m 2 = m^ = ^7v 1 = 1/0.001823 = 548.5 kg 

Energy: m(u 2 - u^) = 1 Q 2 - 1 W 2 = 0- 0 = 0^ U 2 = ui = 1702.8 kJ/kg 

Q 

Total volume and mass => V 2 = Vj.QQjj^/m 2 = 0.1823 m /kg 
State 2: U 2 , V 2 Table B.1.1 see Figure. 

Note that in the vicinity of v = 0.1823 m /kg crossing the saturated vapor line the 
internal energy is about 2585 kJ/kg. However, at the actual state 2, u = 1702.8 
kJ/kg. Therefore state 2 must be in the two-phase region. 

Trial & error v = Vf + xvfg ; u = Uf + xufg 

V2 - Vf 

^U2 = 1702.8 = Uf + —;^Ufg 
Compute RHS for a guessed pressure P 2 : 

P 2 = 600kPa: RHS = 669.88 + ^ 1897.52= 1762.9 too large 

P 2 = 550kPa: RHS = 655.30 + ^ ^ 1909.17 = 1668.1 too small 

Linear interpolation to match u = 1702.8 gives P 2 = 568.5 kPa 
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Energy Equation: Multistep Solution 


5.61 

10 kg of water in a piston cylinder arrangement exists as saturated liquid/vapor at 100 
kPa, with a quality of 50%. It is now heated so the volume triples. The mass of the 
piston is such that a cylinder pressure of 200 kPa will float it, as in Fig. 4.68. Find the 
final temperature and the heat transfer in the process. 


Solution; 


Take CV as the water. 

m 2 = m^ = m ; 


m(u 2 -ui)= 1Q2- 1W2 


Process: v = constant until P = Pyf^, then P is constant. 

State 1; Two-phase so look in Table B.1.2 at 100 kPa 

ui = 417.33 + 0.5 X 2088.72 = 1461.7 kJ/kg, 

vi = 0.001043 + 0.5 X 1.69296 = 0.8475 m3/kg 

State 2: V 2 , P 2 ^ Puft => V 2 = 3 x 0.8475 = 2.5425 m^/kg ; 


Interpolate: 


T 2 = 829°C, U2 = 3718.76 kJ/kg 


=> V 2 = mv2 = 25.425 m^ 

1 W 2 = Piift(V2 -Vi) = 200 X 10 (2.5425 - 0.8475) = 3390 kJ 

lQ 2 = m(u 2 -ui)+ iW 2 = 10x(3718.76- 1461.7)+ 3390 = 25 961 kJ 
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5.62 

Two tanks are connected by a valve and line as shown in Fig. P5.62. The volumes are 
both 1 with R-134a at 20°C, quality 15% in A and tank B is evacuated. The valve 
is opened and saturated vapor flows from A into B until the pressures become equal. 
The process occurs slowly enough that all temperatures stay at 20°C during the process. 
Find the total heat transfer to the R-134a during the process. 

Solution: 


C.V.: A + B 

State lA: v^i = 0.000817 + 0.15 x 0.03524 = 0.006103 m3/kg 

uai = 227.03 + 0.15 X 162.16 = 251.35 kJ/kg 
m^l = V^/v^i = 163.854 kg 


Process: Constant temperature and constant total volume. 

m 2 = m^i ; V 2 = + Vg = 2 m^ ; V 2 = V 2 /m 2 = 0.012206 m^/kg 


1 




State 2: T 2 , V 2 ^ X 2 = (0.012206 - 0.000817)70.03524 = 0.3232 
U2 = 227.03 + 0.3232 x 162.16 = 279.44 kJ/kg 

1Q2 = ^ 2^2 - - J^BIUbI + 1W2 = m2(U2 - U^l) 

= 163.854 X (279.44 - 251.35) = 4603 kJ 
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5.63 

Consider the same system as in the previous problem. Let the valve be opened and 
transfer enough heat to both tanks so all the liquid disappears. Find the necessary heat 
transfer. 

Solution; 

C.V. A + B, so this is a control mass. 

State lA: v^i = 0.000817 + 0.15 x 0.03524 = 0.006 103 m^/kg 

uai = 227.03 + 0.15 X 162.16 = 251.35 kJ/kg 
m^l = YjiJvw = 163.854 kg 
Process: Constant temperature and total volume. 

^ ^A1 ’ ^2 ^ ^ ^ 2 m^ ; V 2 = V 2 /m 2 = 0.012 206 m^/kg 

State 2: X 2 = 100%, V 2 = 0.012206 

^ T 2 = 55 + 5 X (0.012206 - 0.01316)/(0.01146 - 0.01316) = 57.8°C 

U 2 = 406.01 + 0.56 X (407.85 - 406.01) = 407.04 kJ/kg 
^Q2 = m2(u2 - u^^) = 163.854 x (407.04 - 251.35) = 25 510 kJ 
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5.64 

A vertical cylinder fitted with a piston contains 5 kg of R-22 at 10°C, shown in Fig. 
P5.64. Heat is transferred to the system, causing the piston to rise until it reaches a set 
of stops at which point the volume has doubled. Additional heat is transferred until the 
temperature inside reaches 50°C, at which point the pressure inside the cylinder is 1.3 
MPa. 

a. What is the quality at the initial state? 

b. Calculate the heat transfer for the overall process. 

Solution; 

C.V. R-22. Control mass goes through process: 1 -> 2 -> 3 

As piston floats pressure is constant (1 -> 2) and the volume is constant for the 
second part (2 -> 3). So we have: v^ = V 2 = 2 x v^ 

State 3: Table B.4.2 (P,T) V 2 = 0.02015 m^/kg, u^ = 248.4 kJ/kg 



So we can then determine state 1 and 2 Table B.4.1; 

v^= 0.010075 = 0.0008+ x^x 0.03391 => = 0.2735 

b) u^ = 55.92 + 0.2735 x 173.87 = 103.5 kJ/kg 

State 2: = 0.02015 m3/kg, P 2 = P^ = 681 kPa this is still 2-phase. 

2 

jW 3 = 1 W 2 = / PdV = P^(V 2 - Vp = 681 X 5 (0.02 - 0.01) = 34.1 kJ 

1 

^Q3 = m(u3-u^) + ^W3 = 5(248.4 - 103.5) + 34.1 = 758.6 kJ 
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5.65 


Find the heat transfer in Problem 4.67. 

A piston/eylinder contains 1 kg of liquid water at 20°C and 300 kPa. Initially the 
piston floats, similar to the setup in Problem 4.64, with a maximum enclosed volume 
of 0.002 m^ if the piston touches the stops. Now heat is added so a final pressure of 
600 kPa is reached. Find the final volume and the work in the process. 

Solution; 

Take CV as the water. Properties from table B.l 

m 2 = mi = m ; m(u 2 - Ui) = 1 Q 2 - 1 W 2 
State 1; Compressed liq. v = Vf (20) = 0.001002 m^/kg, u = Ui.= 83.94 kJ/kg 


State 2: Since P > Pun then v = v^top = 0.002 and P = 600 kPa 
For the given P ; Vi.<v<Vg so 2-phase T = Tgat = 158.85 °C 


v = 0.002 = 0.001101 +xx (0.3157-0.001101) => x = 0.002858 
u = 669.88 + 0.002858 xl897.5 = 675.3 kJ/kg 
Work is done while piston moves at constant = 300 kPa so we get 

1 W 2 =! P dV = m Pun (V 2 -vi) = 1x300(0.002 - 0.001002) = 0.299 kJ 

Heat transfer is found from energy equation 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 1(675.3 - 83.94) + 0.299 = 591.66 kJ 
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5.66 

Refrigerant-12 is contained in a piston/cyUnder arrangement at 2 MPa, 150°C with a 
massless piston against the stops, at which point V= 0.5 m^. The side above the piston 
is connected by an open valve to an air line at 10°C, 450 kPa, shown in Fig. P5.66. 

The whole setup now cools to the surrounding temperature of 10°C. Find the heat 
transfer and show the process in a F-v diagram. 


C.V.: R-12. Control mass. 

Continuity: m = constant. 

Energy Eq.5.11: m(u 2 - u^) = jQ 2 - ^W 2 

Process: = Ft = P A = P^-^A + F^^^p 


ifV< V 


stop 


Fstop = ® 


This is illustrated in the P-v diagram shown below. 
State 1: v^ = 0.01265 m^/kg, u^ = 252.1 kJ/kg 



Air line 


^ m = V/v = 39.523 kg 

State 2: T 2 and on line ^ compressed liquid, see figure below. 

V 2 = Vf = 0.000733 m^/kg ^ V 2 = 0.02897 m^; U 2 = Uf = 45.06 kJ/kg 
1 W 2 = /PdV = Piift(V2 - Vi) = 450 (0.02897 - 0.5) = -212.0 kJ ; 


Energy eq. ^ 

1 Q 2 = 39.526 (45.06 - 252.1) - 212 = -8395 kJ 
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5.67 

Find the heat transfer in Problem 4.114. 

A piston/eylinder (Fig. P4.114) contains 1 kg of water at 20°C with a volume of 0.1 

m . Initially the piston rests on some stops with the top surface open to the 
atmosphere, P^ and a mass so a water pressure of 400 kPa will lift it. To what 

temperature should the water be heated to lift the piston? If it is heated to saturated 
vapor find the final temperature, volume and the work, 1 W 2 . 

Solution; 

C.V. Water. This is a control mass. 

m 2 = mi = m ; m(u 2 - Ui) = 1 Q 2 - 1 W 2 



State 1: 20 C, Vj = V/m = 0.1/1 =0.1 m3/kg 

X = (0.1 - 0.001002)/57.789 = 0.001713 
ui = 83.94 + 0.001713 x 2318.98 = 87.92 kJ/kg 


To find state 2 check on state la; 

P = 400kPa, V = vi = 0.1 m3/kg 

Table B. 1.2; Vf < v < Vg = 0.4625 m3/kg 
State 2 is saturated vapor at 400 kPa since state la is two-phase. 

V 2 = Vg = 0.4625 m^/kg , V 2 = m V 2 = 0.4625 m^, U 2 = Ug= 2553.6 kJ/kg 
Pressure is constant as volume increase beyond initial volume. 


1 




dV = P (V 2 - Vi) = Piji-i (V 2 - Vi) = 400 (0.4625 


-0.1)= 145 kJ 


1 Q 2 = m(u2 - ui) + 1 W 2 = 1 (2553.6-87.92)+ 145 =2610.7 kJ 
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5.68 


i 

A rigid container has two rooms filled with water, each 1 m separated by a wall. 
Room A has P = 200 kPa with a quality x = 0.80. Room B has P = 2 MPa and T = 
400°C. The partition wall is removed and the water comes to a uniform state, which 
after a while due to heat transfer has a temperature of 200°C. Find the final pressure 
and the heat transfer in the process. 

Solution; 

C.V. A + B. Constant total mass and constant total volume. 


Continuity; 


m. -m* ,-m^.= 0 ; V.= V* +V^= 2 


A1 


B1 


A 


B 


Energy Eq.5.11: - J^ai^AI ^ 1^2 “ 1^2 ^ 1^2 


- 2-2 


Al^^Al 


Process: V = + Vg = constant 


=> 


1 ^ 2=0 


State lA; Table B.1.2 


u^^= 504.47 + 0.8 X 2025.02 = 2124.47 kJ/kg, 


State IB; Table B.1.3 


v^^= 0.001061 + 0.8 X 0.88467 = 0.70877 m^/kg 
u„.= 2945.2, v„.= 0.1512 


B1 


1-411 kg 


B1 


mBi= l/vgj= 6.614 kg 


State 2; = V^m .,= 2/(1.411 + 6.614) = 0.24924 nk/kg 


Table B.1.3 superheated vapor. 


800 kPa < P 2 < 1 MPa 


Interpolate to get the proper v 


0.24924-0.2608 

P 2 = 800 + 0 20596 0 2608 ^ ^ ^2 ^ 2628.8 kJ/kg 

From the energy equation 

jQ 2 = 8.025 X 2628.8- 1.411 x 2124.47 - 6.614 x 2945.2 = - 1381 kJ 
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5.69 

The cylinder volume below the constant loaded piston has two compartments A and B 
fdled with water. A has 0.5 kg at 200 kPa, 150°C and B has 400 kPa with a quality of 
50% and a volume of 0.1 m . The valve is opened and heat is transferred so the water 
comes to a uniform state with a total volume of 1.006 m . 

a) Find the total mass of water and the total initial volume. 

b) Find the work in the process 

c) Find the process heat transfer. 

Solution; 

Take the water in A and B as CV. 

Continuity: m 2 - m^^ - m^g = 0 

Energy: m 2 U 2 - hiiaUia - migUiB = 1 Q 2 - 1 W 2 
Process: P = constant = P^ A if piston floats 

(Va positive) i.e. if V 2 > Vg = 0.1 m^ 

State Al: Sup. vap. Table B. 1.3 v = 0.95964 m^/kg, u = 2576.9 kJ/kg 

=> V = mv = 0.5 X 0.95964 = 0.47982 
State Bl; Table B.1.2 v = (1-x) x 0.001084 + x x 0.4625 = 0.2318 m^/kg 

=> m = V/v = 0.4314 kg 
u = 604.29 + 0.5 X 1949.3 = 1578.9 kJ/kg 
State 2: 200 kPa, V 2 = V 2 /m = 1.006/0.9314 = 1.0801 m^/kg 

Table B. 1.3 => close to T 2 = 200®C and U 2 = 2654.4 kJ/kg 

So now 

Vi = 0.47982 + 0.1 = 0.5798 m3, mi = 0.5 + 0.4314 = 0.9314 kg 

Since volume at state 2 is larger than initial volume piston goes up and the pressure 
then is constant (200 kPa which floats piston). 

1 W 2 =! P dV = Piifi (V 2 - Vi) = 200 (1.006 - 0.57982) = 85.24 kJ 


1Q2 “ ^ 2^2 - I^IA^IA - nilB^lB + 1W2 

= 0.9314 X 2654.4 - 0.5 x 2576.9 - 0.4314 x 1578.9 + 85.24 = 588 kJ 
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5.70 


A rigid tank A of volume 0.6 contains 3 kg water at 120®C and the rigid tank B is 

0.4 with water at 600 kPa, 200°C. They are connected to a piston cylinder initially 
empty with closed valves. The pressure in the cylinder should be 800 kPa to float the 
piston. Now the valves are slowly opened and heat is transferred so the water reaches 

a uniform state at 250°C with the valves open. Find the final volume and pressure and 
the work and heat transfer in the process. 


C.V.: A + B + C. 

Only work in C, total mass constant. 
m2 - mi = 0 => m2 = m^i + 

U2-Ui = iQ2-iW2; 
lW2= jPdV =PHft(V2-Vi) 



lA: V = 0.6/3 = 0.2 m3/kg => x^i = (0.2 - 0.00106)70.8908 = 0.223327 

u = 503.48 + 0.223327 x 2025.76 = 955.89 kJ/kg 
IB: V = 0.35202 m3/kg => rngi = 0.4/0.35202 = 1.1363 kg ; u = 2638.91 kJ/kg 

m 2 = 3 + 1.1363 = 4.1363 kg and 


V2 = Va+Vb + Vc=1+Vc 

Locate state 2: Must be on P-V lines shown 

State la: 800 kPa, 

Va+Vtd 

Via = = 0.24176 m3/kg 

800 kPa, vijj => T=173°C too low. 



Assume 800 kPa: 250°C => v = 0.29314 m3/kg > OK 

Final state is : 800 kPa; 250°C => U 2 = 2715.46 kJ/kg 

W = 800(0.29314 - 0.24176) x 4.1363 = 800 x (1.2125 - 1) = 170 kJ 


Q “ ni 2^2 ■ + 1^2 - ni 2 U 2 - m^iUAi - rngiUBi + 1W2 


= 4.1363 X 2715.46 - 3 x 955.89 - 1.1363 x 2638.91 + 170 
= 11 232 - 2867.7 - 2998.6 + 170 = 5536 kJ 
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5.71 

Calculate the heat transfer for the proeess described in Problem 4.60. 

A cylinder containing 1 kg of ammonia has an externally loaded piston. Initially the 
ammonia is at 2 MPa, 180°C and is now cooled to saturated vapor at 40°C, and then 
further eooled to 20°C, at whieh point the quality is 50%. Find the total work for the 
proeess, assuming a pieeewise linear variation of P versus V. 


Solution; 


C.V. Ammonia going through proeess 1 - 2 - 3. Control mass. 
Continuity: m = eonstant. 


Energy Eq.5.11; 


m(u3-Ui)=jQ3-^W3 


Proeess: P is pieeewise linear in V 

State 1; (T, P) Table B.2.2: v^ = 0.10571 m^/kg, u^ = 1630.7 kJ/kg 
State 2: (T, x) Table B.2.1 sat. vap. P 2 = 1555 kPa, V 2 = 0.08313 m^/kg 


P 

2000 

1555 

857 



State3:(T,x) P 3 = 857kPa, 

V 3 = (0.001638+0.14922)/2 = 0.07543 U 3 = (272.89 + 1332.2)/2 = 802.7 kJ/kg 
Proeess; pieeewise linear P versus V, see diagram. Work is area as: 

^ P 1 +P 2 ^2 ^3 

Wi 3 = J PdV « ( ^ ^)m(v 2 -vi) + ( 2 ^)m(v3-V2) 

1 

2000+ 1555 1555 + 857 

=- 2 - 1(0.08313 - 0.10571) +-^- 1(0.07543 - 0.08313) 

= -49.4 kJ 

Prom the energy equation, we get the heat transfer as: 

^Q 3 = m(u 3 - u^) + ^W 3 = lx (802.7 - 1630.7) - 49.4 = -877.4 kJ 
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5.72 

Calculate the heat transfer for the proeess described in Problem 4.70. 

A piston cylinder setup similar to Problem 4.24 contains 0.1 kg saturated liquid and vapor 
water at 100 kPa with quality 25%. The mass of the piston is sueh that a pressure of 500 
kPa will float it. The water is heated to 300°C. Find the final pressure, volume and the 
work, 1 W 2 . 

Solution; 


Take CV as the water: m 2 = m^ = m 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 
Process: v = eonstant until P = Pjjft 
To loeate state 1; Table B.1.2 


vi = 0.001043 + 0.25x1.69296 = 0.42428 m^/kg 
uj = 417.33 + 0.25x2088.7 = 939.5 kJ/kg 



State la; 500 kPa, v^^ = = 0.42428 > Vg at 500 kPa, 

so state la is superheated vapor Table B. 1.3 200°C 

State 2 is 300°C so heating eontinues after state la to 2 at constant P = 500 kPa. 
2: T 2 , P 2 = Piift => Tbl B. 1.3 V 2 =0.52256 m3/kg; U 2 = 2802.9 kJ/kg 

Prom the proeess, see also area in P-V diagram 

1 W 2 = Piift m(v2 - vi) = 500 X 0.1 (0.5226 - 0.4243) = 4.91 kJ 

Prom the energy equation 

1 Q 2 = m(u2 - ui) + 1 W 2 = 0.1(2802.9 - 939.5) + 4.91 = 191.25 kJ 
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5.73 

A cylinder/piston arrangement contains 5 kg of water at 100°C with x = 20% and the 
piston, mp = 75 kg, resting on some stops, similar to Fig. P5.73. The outside pressure 
is 100 kPa, and the cylinder area isA = 24.5 cm^. Heat is now added until the water 
reaches a saturated vapor state. Find the initial volume, final pressure, work, and heat 
transfer terms and show the F-v diagram. 

Solution: 

C.V. The 5 kg water. 

Continuty: m 2 = m^ = m ; Energy: m(u 2 - u^) = 1 Q 2 - 1 W 2 
Process: V = constant if P < Pjjft otherwise P = Pyft see P-v diagram. 


P 3 = P 2 = Plift = Pq +mpg/Ap= 100 + 


P 


75 X 9.807 
0.00245 X 1000 


= 400 kPa 


^ 143°C 



100°C 



State 1: (T,x) Table B.1.1 

vi = 0.001044 + 0.2 X 1.6719, Vj = mvj = 5 x 0.3354 = 1.677 
ui = 418.91 + 0.2 x 2087.58 = 836.4 kJ/kg 
State 3: (P, x=l) Table B.1.2 => V 3 = 0.4625 > v^, U 3 = 2553.6 kJ/kg 
Work is seen in the P-V diagram (if volume changes then P = Pjjft) 

1 W 3 = 2 W 3 = Pextm(v 3 - V 2 ) = 400 x 5(0.46246 - 0.3354) = 254.1 kJ 

Heat transfer is from the energy equation 

1 Q 3 = 5 (2553.6 - 836.4) + 254.1 = 8840 kJ 
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Energy Equation: Solids and Liquids 


5.74 

Because a hot water supply must also heat some pipe mass as it is turned on so it does 
not come out hot right away. Assume 80®C liquid water at 100 kPa is cooled to 45°C 
as it heats 15 kg of copper pipe from 20 to 45°C. How much mass (kg) of water is 
needed? 

Solution: 


C.V. Water and copper pipe. No external heat transfer, no work. 
Energy Eq.5.11: 


U2-Ui=AU,u + AUh2O = 0-0 


Erom Eq.5.18 and Table A.3: 


AUcu = mC AT = 15 kg X 0.42 


kJ 


kgK 


X (45-20)K= 157.5 kJ 


Erom the energy equation 


mH20 


“ - / AUH2O 


157.5 


“1H20= AEIcu/ Ch2o('ATH 20 ) “ 4.18 X 35 ~ 


or using Table B. 1.1 for water 


157.5 


^H20^ AElgy / (uj-U 2 ) 334.84- 188.41 1'0’76 kg 


Cu pipe 


Water 


The real problem involves a 
flow and is not analyzed by this 
simple process. 
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5.75 

A house is being designed to use a thick concrete floor mass as thermal storage 
material for solar energy heating. The concrete is 30 cm thick and the area exposed to 
the sun during the daytime is 4 m x 6 m. It is expected that this mass will undergo an 

average temperature rise of about 3°C during the day. How much energy will be 
available for heating during the nighttime hours? 

Solution: 

C.V. The mass of concrete. 

Concrete is a solid with some properties listed in Table A.3 

V = 4x6x0.3 = 7.2m^; 

m = pV = 2200 kg/m^ x 7.2 m^ = 15 840 kg 
From Eq.5.18 and C from table A.3 

kJ 

AU = m C AT = 15840 kg x 0.88 x3K = 41818 kJ = 41,82 MJ 
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5.76 


A copper block of volume 1 L is heat treated at 500°C and now cooled in a 200-L oil 
bath initially at 20°C, shown in Fig. P5.76. Assuming no heat transfer with the 
surroundings, what is the final temperature? 

Solution: 

C.V. Copper block and the oil bath. 

Also assume no change in volume so the work will be zero. 

Energy Eq.: U 2 - Ui = - u^met + moii(u 2 - u^on = 1 Q 2 - 1 W 2 = 0 

Properties from Table A.3 and A.4 

mmet = Vp = 0.001 m^ x 8300 kg/m^ = 8.3 kg, 
moil = Vp = 0.2 m^ x 910 kg/m^ = 182 kg 


Solid and liquid Eq.5.17: Au = Cy AT, 


Table A.3 and A.4: 


Cy met 0.42 


kJ 


kgK 


’ ^V oil ^ 


kJ 


kgK 


The energy equation for the C.V. becomes 


^met^V met(T2 ^i^oiet) ^oil^V oilCr2 Ti^oil) ^ 

8.3 X 0.42(T2-500)+ 182 x E 8 (T2-20) = 0 

331.09 T 2 - 1743-6552 = 0 


^ T2 = 25°C 
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5.77 

A 1 kg steel pot contains 1 kg liquid water both at 15°C. It is now put on the stove 
where it is heated to the boiling point of the water. Neglect any air being heated and 
find the total amount of energy needed. 


Solution; 


Energy Eq.; U 2 - Ui= 1 Q 2 - 1 W 2 

The steel does not change volume 
and the change for the liquid is 

minimal, so iW 2 = 0. 


State 2: T 2 = (1 atm) = 100®C 

Tbl B.1.1 : ui = 62.98 kJ/kg, U2 = 418.91 kJ/kg 
Tbl A.3 ; Cst = 0.46 kJ/kg K 

Solve for the heat transfer from the energy equation 

1 Q 2 = U 2 - Ui = m^t (U 2 - ui)st + mH20 (^2 “ Ui)h20 

= I^stCst (T 2 - Tl) + niH20 (^2 “ Ui)h20 

kJ 

1 Q 2 = 1 kg X 0.46 x(100 - 15) K + 1 kg x(418.91 - 62.98) kJ/kg 

= 39.1 +355.93 =395 kJ 
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5.78 

A car with mass 1275 kg drives at 60 km/h when the brakes are applied quiekly to 
deerease its speed to 20 km/h. Assume the brake pads are 0.5 kg mass with heat 
eapaeity of 1.1 kJ/kg K and the brake discs/drums are 4.0 kg steel. Further assume 
both masses are heated uniformly. Find the temperature inerease in the brake 
assembly. 

Solution: 

C.V. Car. Car loses kinetie energy and brake system gains internal u. 

No heat transfer (short time) and no work term, 
m = eonstant; 

1 2 2 

Energy Eq.5.11: E 2 - Ei = 0 - 0 = m^ar 2(^2 - V^) + mbrake(u2 “ ^i) 

The brake system mass is two different kinds so split it, also use Cy from Table 
A.3 sinee we do not have a u table for steel or brake pad material. 


^steel ^ ^pad 


m^ar 0.5 (60^ - 20^) 


riooo 

3600 


V 


m^/s^ 


y 


kJ 


(4 X 0.46 + 0.5 X 1.1) — AT = 1275 kg x 0.5 x (3200 x 0.077 16) m^/s^ 


= 157 406 J= 157.4 kJ 


=>AT =65.9°C 
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5.79 


Saturated, x= 1%, water at 25°C is contained in a hollow spherical aluminum vessel 
with inside diameter of 0.5 m and a 1-cm thick wall. The vessel is heated until the 
water inside is saturated vapor. Considering the vessel and water together as a control 
mass, calculate the heat transfer for the process. 

Solution; 

C.V. Vessel and water. This is a control mass of constant volume. 

Continuity Eq.: m 2 = m^ 

Energy Eq.5.11; U2 - Ui = 1Q2 - 1W2 = 1Q2 

Process; V = constant 

=> 1 W 2 = 0 used above 

State 1; vi = 0.001003 + 0.01 x 43.359 = 0.4346 m^/kg 



ui = 104.88 + 0.01 X 2304.9 = 127.9 kJ/kg 
State 2; X 2 = 1 and constant volume so V 2 = v^ = V/m 

VgT 2 = vi = 0.4346 => T2=146.1°C; U 2 = ug2 = 2555.9 

Vinside = 5 (0-5)^ = 0.06545 m^ ; 111 ^ 20 = 0.4346 ^8 



^alu ^ Palu^alu ^ 2700 x 0.00817 = 22.065 kg 

Erom the energy equation 

1Q2 = U2 - Ui = mH.o(u2 - u 


i)h 20 i^alu^v alu(T2 ‘ Ti) 


= 0.1506(2555.9 - 127.9) + 22.065 x 0.9(146.1 - 25) 

= 2770.6 kJ 
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5.80 

A 25 kg steel tank initially at -10”C is filled up with 100 kg of milk (assume 
properties as water) at 30°C. The milk and the steel eome to a uniform temperature of 
+5 °C in a storage room. How mueh heat transfer is needed for this proeess? 

Solution; 

C.V. Steel + Milk. This is a eontrol mass. 

Energy Eq.5.11: U 2 - Ui = 1 Q 2 - 1 W 2 = 1 Q 2 
Process: V = constant, so there is no work 

1W2 = 0 . 


Use Eq.5.18 and values from A.3 and A.4 to evaluate changes in u 



1 Q 2 ^steel (^2 ■ ^l)steel ^ ^milk(^2 " ^l)milk 

= 25 kg X 0.466 ^ X [5 - (-10)] K + 100 kg x4.18 ^ x (5 - 30) K 


= 172.5 - 10450 = -10277 kJ 
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5.81 

An engine consists of a 100 kg cast iron block with a 20 kg aluminum head, 20 kg 

steel parts, 5 kg engine oil and 6 kg glycerine (antifreeze). Everything begins at 5”C 
and as the engine starts we want to know how hot it becomes if it absorbs a net of 
7000 kJ before it reaches a steady uniform temperature. 


Energy Eq.: U 2 - Ui= 1 Q 2 - 1 W 2 

Process: The steel does not change volume and the change for the liquid is 

minimal, so 1 W 2 = 0. 

So sum over the various parts of the left hand side in the energy equation 


mpe (U2 - ui) + m^i (u2 - Ui)ai + (u - 

+ moil (U2 - ui)oii + mgiy (u2 - ui)giy = 1Q2 


Tbl A.3 : Cpg = 0.42 , C^i = 0.9, Cgi = 0.46 all units of kJ/kg K 

Tbl A.4 : Coil = 1.9 , Cgiy = 2.42 all units of kJ/kg K 

So now we factor out T 2 -Ti as U 2 - ui = C(T 2 -Ti) for each term 


[ mpgCpg + m^iC^i + mgjC 5 i+ monCoii + mgiyCgiy ] (T2 Ti) 1Q2 


T2-T1 


1Q2 ! ^mi Ci 

_7000_ 

lOOx 0.42 + 20x 0.9 + 20x 0.46 + 5 xl.9 + 6 x2.42 


7000 

93.22 


75 K 


T 2 = Ti + 75 = 5 + 75 = 80®C 



Air intake fdter Fan Radiator 





Atm 


air 
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Properties (u, h, Cy and Cp), Ideal Gas 


5.82 


Use the ideal gas air table A.7 to evaluate the heat capacity Cp at 300 K as a slope of 
the curve h(T) by A h/AT. How much larger is it at 1000 K and 1500 K. 

Solution : 


From Eq.5.24: 



dh Ah 
dT^ AT 


^320 - ^290 

320 - 290 


= 1.005 kJ/kg K 


lOOOK Cp 


Ah hiQ5Q - h95Q 
AT“ 1050- 950 


1103.48 -989.44 
100 


= 1.140 kJ/kg K 


1500K Cp 


Ah hi55Q - hi45o 
AT“ 1550- 1450 


1696.45 - 1575.4 
100 


= 1.21 kJ/kg K 


Notice an increase of 14%, 21% respectively. 
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5.83 

We want to find the ehange in u for earbon dioxide between 600 K and 1200 K. 

a) Find it from a eonstant from table A.5 

b) Find it from a evaluated from equation in A.6 at the average T. 

e) Find it from the values of u listed in table A.8 

Solution : 

a) Au ^ Cyo AT = 0.653 x (1200 - 600) = 391.8 kJ/kg 

1 ^ T 900 

^avg “ 2 ^ 600) — 900, 0 — ^QQQ ~ 1000 ~ 

Cpo = 0.45 + 1.67 X 0.9 - 1.27 X 0.9^ + 0.39 x 0.9^ = 1.2086 kJ/kg K 
Cvo = Cpo-R = 1.2086-0.1889= 1.0197 kJ/kgK 
Au = 1.0197 X (1200 - 600) = 611.8 kJ/kg 

e) Au = 996.64 - 392.72 = 603.92 kJ/kg 
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5.84 

We want to find the ehange in u for oxygen gas between 600 K and 1200 K. 

a) Find it from a eonstant from table A.5 

b) Find it from a Cy^ evaluated from equation in A.6 at the average T. 
e) Find it from the values of u listed in table A.8 

Solution; 

a) Au ^ Cyo AT = 0.662 x (1200 - 600) = 397.2 kJ/kg 

1 T 900 

^avg “ 2 ^ 600) — 900 K, 0 — ^QQQ ~ 1000 ~ 

Cpo = 0.88 - 0.0001 X 0.9 + 0.54 x 0.9^ - 0.33 x 0.9^ = 1.0767 
Cvo= Cpo - R = 1-0767 - 0.2598 = 0.8169 kJ/kg K 
Au = 0.8169 X (1200 - 600)= 490.1 kJ/kg 

e) Au = 889.72 - 404.46 = 485.3 kJ/kg 
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5.85 

Water at 20°C, 100 kPa, is brought to 200 kPa, 1500°C. Find the change in the 
specific internal energy, using the water table and the ideal gas water table in 
combination. 

Solution; 

State 1; Table B.1.1 uj = Uf= 83.95 kJ/kg 

State 2: Highest T in Table B.1.3 is 1300°C 
Using a Au from the ideal gas tables, A.8, we get 

ui5oo = 3139 kJ/kg ^1300 = 2690.72 kJ/kg 

^1500 ■ ^1300 " 448.26 kJ/kg 

We now add the ideal gas change at low P to the steam tables, B.1.3, u^ = 
4683.23 kJ/kg as the reference. 

U2 - ui = (U2 - Ux)id.g. + (% - ui) 

= 448.28 + 4683.23 - 83.95 = 5048 kJ/kg 
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5.86 

We want to find the inerease in temperature of nitrogen gas at 1200 K when the 
specifie internal energy is inereased with 40 kJ/kg. 

a) Find it from a eonstant from table A.5 

b) Find it from a Cy^ evaluated from equation in A. 6 at 1200 K. 
e) Find it from the values of u listed in table A.8 

Solution : 

Au = Aua. 8 = Cy avg ^ Cyo AT 

40 

a) AT = Au / Cyo = = 53.69°C 

b) 0= 1200/ 1000=1.2 

Cpo= 1.11 -0.48 X 1.2 +0.96 X 1.22-0.42 x 1.2 ^ = 1.1906 kJ/kg K 

Cyo = Cpo - R = 1.1906 - 0.2968 = 0.8938 kJ/kg K 

AT = Au / Cyo = 40 / 0.8938 = 44.75°C 

e) u = ui + Au = 957 + 40 = 997 kJ/kg 

less than 1300 K so linear interpolation. 

1300- 1200 

“ 1048.46 - 957 “ 43.73°C 

Cyo - (1048.46 - 957) / 100 = 0.915 kJ/kg K 


So the formula in A.6 is aecurate within 2.3%. 
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5.87 

For an application the change in enthalpy of carbon dioxide from 30 to 1500°C at 100 
kPa is needed. Consider the following methods and indicate the most accurate one. 

a. Constant specific heat, value from Table A.5. 

b. Constant specific heat, value at average temperature from the equation in Table A.6. 

c. Variable specific heat, integrating the equation in Table A.6. 

d. Enthalpy from ideal gas tables in Table A.8. 

Solution: 

a) Ah = CpoAT = 0.842 (1500 - 30) = 1237.7 kJ/kg 

b) T^ve = i (30+ 1500)+ 273.15 = 1038.15 K; 0 = T/1000 = 1.0382 

Table A. 6 ^ Cp^ =1.2513 

Ah = Cpo^ave = 1.2513 x 1470 = 1839 kJ/kg 

c) For the entry to Table A.6: 02= 1.77315; 0^ = 0.30315 

Ah = h2- hi = j Cpo dT 

= [0.45 (02-0i)+1.67x|(022 -0i2) 

-1.27 X J (022 - 0i3) + 0.39X I (02^ - 01^)] = 1762.76 kJ/kg 

d) Ah = 1981.35-217.12 = 1764.2 kJ/kg 

The result in d) is best, very similar to c). For large AT or small AT at high T^yg, a) is 
very poor. 
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5.88 

An ideal gas is heated from 500 to 1500 K. Find the ehange in enthalpy using eonstant 
specific heat from Table A.5 (room temperature value) and discuss the accuracy of the 
result if the gas is 

a. Argon b. Oxygen c. Carbon dioxide 

Solution: 

Ti = 500 K, T2 = 1500 K, Ah = Cpo(T2-Ti) 

a) Ar : Ah = 0.520(1500-500) = 520 kJ/kg 

Monatomic inert gas very good approximation. 

b) O 2 : Ah = 0.922(1500-500) = 922 kJ/kg 

Diatomic gas approximation is OK with some error. 

c) CO 2 : Ah = 0.842(1500-500) = 842 kJ/kg 

Polyatomic gas heat capacity changes, see figure 5.11 
See also appendix C for more explanation. 



Sonntag, Borgnakke and van Wylen 


Energy Equation: Ideal Gas 
5.89 

A 250 L rigid tank contains methane at 500 K, 1500 kPa. It is now cooled down to 300 
K. Find the mass of methane and the heat transfer using a) ideal gas and b) the 
methane tables. 


Solution; 


a) Assume ideal gas, P 2 = Pi ^ (T 2 / T^) = 1500 x 300 / 500 = 900 kPa 

1500 X 0.25 

m = P,V/RT, =0.5183 x 500“ 

Use speeifie heat from Table A.5 

U2 - ui = Cy (T 2 - Ti) = 1.736 (300 - 500) = -347.2 kJ/kg 

1 Q 2 = m(u2 - ui) = 1.447(-347.2) = -502,4 kJ 

b) Using the methane Table B.7, 

Vj = 0.17273 m^/kg, u^ = 872.37 kJ/kg 
m = V/vi = 0.25/0.17273 = 1.4473 kg 
State 2: V 2 = and 300 K is found between 800 and 1000 kPa 

0.17273 - 0.19172 

U2 = 467.36 + (465.91 - 467.36) q 15285 - 0 19172 ^ kJ/kg 


1 Q 2 = 1.4473 (466.65 - 872.37) = -587.2 kJ 
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5.90 

A rigid insulated tank is separated into two rooms by a stiff plate. Room A of 0.5 m 

contains air at 250 kPa, 300 K and room B of 1 m^ has air at 150 kPa, 1000 K. The 
plate is removed and the air comes to a uniform state without any heat transfer. Find 
the final pressure and temperature. 


Solution: 

C.V. Total tank. Control mass of constant volume. 


Mass and volume: 
Energy Eq.: 

Process Eq.: 

Ideal gas at 1: 


m2 =mA + mB; 


V = Va + Vb = 1.5 m 


U 2 - Ui = m 2 U2 - niAUAi - mBUBi = Q - W = 0 


V = constant 


W = 0; 


Insulated 


Q = 0 


mA = PaiVa/RTai = 250 X 0.5/(0.287 x 300) = 1.452 kg 
uai= 214.364 kJ/kg from Table A.7 

Ideal gas at 2: mB = PbiVb/RT bi= 150 x 1/(0.287 x 1000) = 0.523 kg 

u Bi= 759.189 kJ/kg from Table A.7 


m 2 = mA + mB = 1.975 kg 


mAUAi + niBUBi 1.452 x 214.364 + 0.523 x 759.189 


U2 


m2 

=> Table A.7.1: 


1.975 


= 358.64 kJ/kg 


T 2 = 498.4 K 


P 2 = m 2 RT 2 /V = 1.975 X 0.287 x 498.4/1.5 = 188.3 kPa 



di 
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5.91 


A rigid container has 2 kg of carbon dioxide gas at 100 kPa, 1200 K that is heated to 
1400 K. Solve for the heat transfer using a. the heat capacity from Table A.5 and b. 
properties from Table A. 8 

Solution; 

C.V. Carbon dioxide, whieh is a control mass. 

Energy Eq.5.11; U 2 - Ui = m (u 2 -ui) = 1 Q 2 - 1 W 2 


Process; 


AV = 0 



a) Eor eonstant heat eapacity we have; U 2 - u^ = Cy^ (T 2 - T^) so 


1 Q 2 = mCyo (T 2 - Ti) = 2 X 0.653 x (1400 -1200) = 261.2 kJ 
b) Taking the u values from Table A. 8 we get 

1 Q 2 = m (U 2 - ui) = 2 X (1218.38 - 996.64) = 443.5 kJ 














Sonntag, Borgnakke and van Wylen 


5.92 

Do the previous problem for nitrogen, N 2 , gas. 

A rigid eontainer has 2 kg of earbon dioxide gas at 100 kPa, 1200 K that is heated to 
1400 K. Solve for the heat transfer using a. the heat eapaeity from Table A.5 and b. 
properties from Table A. 8 

Solution: 

C.V. Nitrogen gas, whieh is a eontrol mass. 

Energy Eq.5.11: U 2 - Ui = m (u 2 -ui) = 1 Q 2 - 1 W 2 

Proeess: AV = 0 ^ 1 W 2 = 0 

a) Eor eonstant heat capacity we have: U 2 - u^ = Cy^ (T 2 - T^) so 

1 Q 2 = mCyo (T 2 - Ti) = 2 X 0.745 x (1400 - 1200) = 298 kJ 

b) Taking the u values from Table A.8, we get 

1 Q 2 = m (U 2 - ui) = 2 X (1141.35 - 957) = 368.7 kJ 
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5.93 


A 10-m high cylinder, cross-sectional area 0.1 m^, has a massless piston at the bottom 

with water at 20°C on top of it, shown in Fig. P5.93. Air at 300 K, volume 0.3 m , under 
the piston is heated so that the piston moves up, spilling the water out over the side. 

Find the total heat transfer to the air when all the water has been pushed out. 

Solution; 


P, 


0 




The water on top is compressed liquid and has volume and mass 
Vh 20 = Vto, - Vair = 10 X 0.1 - 03 = 0.7 
mH20 = VH2o/vf = 0.7 / 0.001002 = 698.6 kg 


The initial air pressure is then 


698.6 X 9.807 


Pi =Po + mH 2 og/A= 101.325 + q.I x 1000 = 169.84 kPa 


169.84 X 0.3 


and then m^[j- = PV/RT = q 287 x 300 ^ 0.592 kg 
State 2; No liquid water over the piston so 


State 2: P 2 , V 2 


P 2 = Pq + 0 = 101.325 kPa, V 2 = 10x0.1 = 1 m 


T2=^ = ^»i?^= 596.59 K 


PlVi 


169.84x0.3 


The process line shows the work as an area 


1 W 2 = /PdV = I (Pi + P2)(V2 - Vi) = I (169.84 + 101.325)(1 - 0.3) = 94.91 kJ 


The energy equation solved for the heat transfer becomes 

1Q2 = m(u2 - ui) + 1W2 = mCv(T2 - Ti) + 1W2 

= 0.592 X 0.717 X (596.59 - 300) + 94.91 = 220.7 kJ 


Remark: we could have used u values from Table A.7; 


U 2 - ui = 432.5 - 214.36 = 218.14 kJ/kg versus 212.5 kJ/kg with Cy. 
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5.94 

Find the heat transfer in Problem 4.43. 

A piston eylinder contains 3 kg of air at 20°C and 300 kPa. It is now heated up in a 
constant pressure process to 600 K. 

Solution; 

Ideal gas PV = mRT 
State 1; T^,Pi 

State 2; T 2 , P 2 = Pi 

P 2 V 2 = mRT 2 V 2 = mR T 2 / P 2 = 3x0.287x600 / 300 = 1.722 

Process: P = constant, 

=/ PdV = P(V2-Vi) = 300 (1.722-0.8413) = 264.2 kJ 

Energy equation becomes 

U 2 - Ui = jQ2 - 1 W 2 = m(u2 - ui) 

jQ2 = U 2 - Ui + jW2 = 3(435.097 - 209.45) + 264.2 = 941 kJ 
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5.95 

An insulated cylinder is divided into two parts of 1 m each by an initially locked 
piston, as shown in Fig. P5.95. Side A has air at 200 kPa, 300 K, and side B has air at 
1.0 MPa, 1000 K. The piston is now unlocked so it is free to move, and it conducts 
heat so the air comes to a uniform temperature 7^ = ^B- the mass in both A and 
B, and the final T and P. 

C.V. A + B Force balance on piston; P^A = PgA 

So the final state in A and B is the same. 

State lA; Table A.7 u^^ = 214.364 kJ/kg, 

mA = PaiVai/RTai = 200 X 1/(0.287 x 300) = 2.323 kg 

State IB; Table A.7 ug^ = 759.189 kJ/kg, 

mg = PBiVgi/RTgi = 1000 X 1/(0.287 x 1000) = 3.484 kg 

For chosen C.V. 1 Q 2 = 0, 1 W 2 = 0 so the energy equation becomes 

mA(u2 - ui)a + mg(u2 - ui)g = 0 

(mA + mg)u2 = mAUAi + mgUgi 

= 2.323 X 214.364 + 3.484 x 759.189 = 3143 kJ 
U2 = 3143/(3.484 + 2.323) = 541.24 kJ/kg 

From interpolation in Table A.7: ^ T 2 = 736 K 

kJ 

P = (mA + mg)RT2/Vtot = 5.807 kg x 0.287 



X 736 K/ 2 m^ = 613 kPa 
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5.96 

A piston cylinder contains air at 600 kPa, 290 K and a volume of 0.01 m^. A eonstant 
pressure proeess gives 54 kJ of work out. Find the final temperature of the air and the 
heat transfer input. 

Solution; 


C.V AIR eontrol mass 
Continuity Eq.: m 2 - m^ = 0 

Energy Eq.: m (u 2 - ui) = 1 Q 2 - 1 W 2 


Proeess: P = C so 1W2 = IP dV = P(V2 - Vi) 

l;Pl,Ti,Vi 2 :Pi=P2,? 

mi = PiVj/RTi = 600 xO.Ol / 0.287 x290 = 0.0721 kg 

lW2 = P(V2-Vi) = 54kJ^ 


V 2 - Vi = 1 W 2 / P = 54 kJ / 600 kPa = 0.09 m^ 


V 2 = Vi + 1 W 2 / P = 0.01 + 0.09 = 0.10 m^ 


Ideal gas law : P 2 V 2 = mRT 




= P 2 V 2 / mR = 


P 2 V 2 _ 0.10 

PjVi “0.01 


X 290 = 2900 K 


Energy equation with u’s from table A.7.1 

-ui ) + 1W2 



= 0.0721 (2563.8-207.2)+ 54 

= 223.9 kJ 
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5.97 

A cylinder with a piston restrained by a linear spring eontains 2 kg of carbon dioxide 

at 500 kPa, 400°C. It is eooled to 40°C, at whieh point the pressure is 300 kPa. 
Calculate the heat transfer for the proeess. 

Solution; 

C.V. The carbon dioxide, whieh is a eontrol mass. 

Continuity Eq.: m 2 - = 0 

Energy Eq.; m (u 2 - ui) = 1 Q 2 - 1 W 2 

Process Eq.; P = A + BV (linear spring) 

lW2 = /PdV = |(Pi+P2)(V2-Vi) 

Equation of state; PV = mRT (ideal gas) 

State 1; Vi = mRTi/Pi = 2 x 0.18892 x 673.15 /500 = 0.5087 m^ 

State 2; V 2 = mRT 2 /P 2 = 2 x 0.18892 x 313.15 /300 = 0.3944 m^ 

1 W 2 = |(500 + 300)(0.3944 - 0.5087) = -45.72 kJ 

To evaluate U 2 - u^ we will use the specifie heat at the average temperature. 
Prom Eigure 5.11; Cpo(Tjjyg) = 45/44 = 1.023 ^ Cyo = 0-83 = Cpg - R 
Por eomparison the value from Table A.5 at 300 K is Cyo = 0.653 kJ/kg K 

1Q2 = m(u 2 - ui) + 1W2 = mCvo(T 2 - Ti) + 1W2 

= 2 X 0.83(40 - 400) - 45.72 = -643.3 kJ 




Remark; We could also have used the ideal gas table in A.8 to get U 2 - u^. 
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5.98 

Water at 100 kPa, 400 K is heated eleetrieally adding 700 kJ/kg in a eonstant pressure 
proeess. Find the final temperature using 

a) The water tables B.l b) The ideal gas tables A .8 

c) Constant speeific heat from A.5 

Solution ; 

Energy Eq.5.11: U 2 - ui = iq 2 - 1 W 2 

Proeess: P = constant => = P ( V 2 - ) 

Substitute this into the energy equation to get 

102 = 1^2 - hi 

Table B.l: 

hi = 2675.46 + 99 . 52 ^ x (2776.38 -2675.46) = 2730.0 kJ/kg 

h 2 = hi + iq 2 = 2730 + 700 = 3430 kJ/kg 

^4^0 ^278 11 

T 2 = 400 + ( 500 - 400 ) X 348^.09 . 3278.11 = 472.3°C 
Table A. 8 : 

h 2 = hi + iq 2 = 742.4 + 700 = 1442.4 kJ/kg 

T 2 = 700 + (750 - 700 ) X i 4 !i'^ 3 ^ 4 V_ ^^ 38^6 = '^^9.5 K = 476.3°C 
Table A.5 

h 2 - hi = Cp„(T 2 -Ti) 

T 2 = Ti + 102 / Cpo = 400 + 700 / 1.872 = 773.9K = 500.8°C 
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5.99 


A piston/cylinder has 0.5 kg air at 2000 kPa, 1000 K as shown. The cylinder has stops 
so = 0.03 m^. The air now cools to 400 K by heat transfer to the ambient. Find 


the final volume and pressure of the air (does it hit the stops?) and the work and heat 
transfer in the process. 

Solution; 

We recognize this is a possible two-step process, one of constant P and one of 
constant V. This behavior is dictated by the construction of the device. 


Continuity Eq.: 


m2 - mi = 0 


Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 


Process; 


P = constant = E/A = Pi if V > Vmin 


V = constant = Vi^ = Vmin 


if P<P 


1 


State 1; (P, T) Vi = mRTi/Pi = 0.5 x 0.287 x 1000/2000 = 0.07175 m^ 

The only possible P-V combinations for this system is shown in the diagram so both 
state 1 and 2 must be on the two lines. Eor state 2 we need to know if it is on the 
horizontal P line segment or the vertical V segment. Eet us check state la; 


State la; 


Pla = Pl.V,,=V 


b '' la 


mm 


Ideal gas so Ti^^ = Ti 1000 ^ ^ 07^75 ^ ^^^ ^ 

We see that T 2 < Ti^^ and state 2 must have V 2 = Vi^j = V^in = 0.03 m^. 


V 


Pt =PlX 


X 


1 


1 Ti V 


= 2000 X 


400 0.07175 


1000 


X 


0.03 


= 1913.3 kPa 


The work is the area under the process curve in the P-V diagram 

lW 2 = f^PdV = Pi (Via-Vi) = 2000 kPa (0.03-0.07175) m3=- 83.5 kJ 

1 

Now the heat transfer is found from the energy equation, u’s from Table A.7.1, 

1 Q 2 = m(u 2 - ui) + 1 W 2 =0.5 (286.49-759.19)-83.5 = -319.85 kJ 
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5.100 

A spring loaded piston/cylinder contains 1.5 kg of air at 27C and 160 kPa. It is now 
heated to 900 K in a process where the pressure is linear in volume to a final volume 
of twice the initial volume. Plot the process in a P-v diagram and find the work and 
heat transfer. 


Take CV as the air. 

m 2 = mi = m ; 


m(u2 -ui) = 1Q2 - 1W2 


Process: P = A + BV => 1 W 2 =! P dV = area = 0.5(Pi + P 2 )(V 2 -Vi) 
State 1: Ideal gas. Vj = mRTi/Pi = 1.5x 0.287 x 300/160 = 0.8072 m3 


Table A. 7 
State 2: P 2 V 2 = mRT 2 


ui =u(300) = 214.36 kJ/kg 

so ratio it to the initial state properties 


P2V2/PiVi = P22/Pi = mRT 2 /mRTi = T2/Ti => 

P 2 = Pi (T 2 /Ti )(l/2) = 160 X (900/300) x (1/2) = 240 kPa 


Work is done while piston moves at linearly varying pressure, so we get 

1 W 2 = 0.5(Pi + P 2 )(V 2 -Vi) = 0.5x(160 + 240) kPa x 0.8072 m^ = 161.4 kJ 

Heat transfer is found from energy equation 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 1.5x(674.824 - 214.36) + 161.4 = 852.1 kJ 
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5.101 

Air in a piston/cylinder at 200 kPa, 600 K, is expanded in a eonstant-pressure process 
to twice the initial volume (state 2), shown in Fig. P5.101. The piston is then locked 
with a pin and heat is transferred to a final temperature of 600 K. Find P, T, and h for 
states 2 and 3, and find the work and heat transfer in both processes. 

Solution; 

C.V. Air. Control mass m 2 = m 3 = m^ 

Energy Eq.5.11; U 2 - ui = iq 2 - 1 W 2 ; 

Process 1 to 2; P = constant => jW 2 = j P dv = Pi(v 2 -V]) = R(T 2 -T i) 

Ideal gas Pv = RT ^ T 2 = T 1 V 2 /V 1 = 2Ti = 1200 K 
P 2 = Pi = 200 kPa, 1 W 2 = RTi = 172.2 kJ/kg 
Table A.7 h 2 = 1277.8 kJ/kg, 03 = hj = 607.3 kJ/kg 

lfi 2 = U 2 - ui + 1 W 2 = h 2 - hi = 1277.8 - 607.3 = 670.5 kJ/kg 
Process 2^3; V 3 = V 2 = 2vi ^ ^ 0, 

P 3 = P 2 T 3 /T 2 = P 1 T 1 / 2 T 1 = Pi/2 = 100 kPa 

2 q 3 = U 3 - U 2 = 435.1 - 933.4 = -498.3 kJ/kg 




V 
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5.102 

A vertical piston/cylinder has a linear spring mounted as shown so at zero cylinder 
volume a balancing pressure inside is zero. The cylinder contains 0.25 kg air at 500 

kPa, 27®C. Heat is now added so the volume doubles. 

a) Show the process path in a P-V diagram 

b) Find the final pressure and temperature. 

c) Find the work and heat transfer. 

Solution; 

Take CV around the air. This is a control mass. 

Continuity: m 2 = m^ = m ; 

Energy Eq.5.11: m(u 2 -ui) = 1 Q 2 - 1 W 2 

Process; P linear in V so, P = A + BV, 

since V = 0 => P = 0 => A = 0 
now: P = BV; B = PiA^i 
State 1: P, T Ideal gas ; 




_ mRT 0.25 x 0.287 x 300 
^ = ^00 

= 0.04305 m^ 

State 2: V 2 = 2 Vi ; ? 

must be on line in P-V diagram, this substitutes 
for the question mark only one state is on the 
line with that value of V 2 




P 2 = BV 2 = (PiA/i)V 2 = 2Pi = 1000 kPa. 


Tt = 


PV 2Pi2Vi 4PiVi 


mR 


mR 


mR 


= 4 Ti = 1200 K 


The work is boundary work and thus seen as area in the P-V diagram 


1 W 2 =! P dV = 0.5(Pi + P 2 )(2Vi - Vi) = 0.5(500 + 1000) 0.04305 = 32.3 kJ 
1 Q 2 = m(u2 - ui) + 1 W 2 = 0.25(933.4 - 214.4) + 32.3 = 212 kJ 


Internal energy u was taken from air table A.7. If constant Cv were used then 

(u 2 - uj) = 0.717 (1200 - 300) = 645.3 kJ/kg (versus 719 above) 




















Sonntag, Borgnakke and van Wylen 


Energy Equation: Polytropic Process 
5.103 

A piston cylinder contains 0.1 kg air at 300 K and 100 kPa. The air is now slowly 
eompressed in an isothermal (T = C) proeess to a final pressure of 250 kPa. Show the 
proeess in a P-V diagram and find both the work and heat transfer in the proeess. 

Solution ; 


Process: T = C & ideal gas 


PV = mRT = constant 


1 W 2 =jPdV = 


mRT 

V 


dV = mRT In 


V2 

Vl 


P 


= mRT In 


1 


P2 


= 0.1 X 0.287 X 300 In (100 / 250 ) = -7.89 kJ 


since T j = T 2 


U2 = U1 


The energy equation thus beeomes 

1 Q 2 = m X (u 2 - ui) + 1 W 2 = 1 W 2 = -7.89 kJ 



V 


V 
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5.104 

Oxygen at 300 kPa, 100°C is in a piston/cyUnder arrangement with a volume of 0.1 
m3. It is now compressed in a polytropic process with exponent, n= 1.2, to a final 
temperature of 200°C. Calculate the heat transfer for the process. 

Solution: 

Continuty: m 2 = m^ 


Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

State 1: Tj , Pj & ideal gas, small change in T, so use Table A.5 


PlVi 


m = 


RT 


1 


300 X 0.1 
0.25983 X 373.15 


Process: PV^ = constant 

1 mR 0.309 X 0.25983 

1 W 2 =(P 2 V 2 - PiVi)=(T 2 - Ti) = —— (200 - loo) 


= -40.2 kJ 


1Q2 “ "^{^2 - ^i) + 1W2 = mCy(T2 - T^) + 1W2 


= 0.3094 X 0.662 (200 - 100) - 40.2 = -19.7 kJ 



V 


V 
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5.105 

A piston/cylinder contains 0.001 m air at 300 K, 150 kPa. The air is now compressed 

1 9 S 

in a process in which P V ' = C to a final pressure of 600 kPa. Find the work 

performed by the air and the heat transfer. 

Solution; 

C.V. Air. This is a control mass, values from Table A.5 are used. 

Continuty: m 2 = m^ 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Process: = const. 

State 2: V 2 = Vi ( P 1 /P 2 0.00033 m^ 

600 X 0.00033 

T 2 = Ti P2V2/(PiVi) = 300 150 x 0.001 = 395.85 K 
1 W 2 = :^(P2 V 2 - PiVi) = (600 X 0.00033 - 150 x 0.001) = - 0.192 kJ 

PlVi 

lQ2 = m(u2-ui)+ iW2=^^Cv (T2 -Ti)+ 1 W 2 

= 0.001742 X 0.717X 95.85 - 0.192 = - 0.072 kJ 
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5.106 

Helium gas expands from 125 kPa, 350 K and 0.25 m to 100 kPa in a polytropic 
process with n = 1.667. How much heat transfer is involved? 


Solution; 

C.V. Helium gas, this is a control mass. 
Energy equation: rn(u 2 - u^) = 1 Q 2 - 1 W 2 


Process equation; 
Ideal gas (A.5): 


PV*^ = constant = PiV^ = P 2 V 2 

125 X 0.25 

m - PV/RT - 2 _o 771 x 350 “ 


Solve for the volume at state 2 


l/n 


V 2 = Vi (P 1 /P 2 ) = 0.25 X 


ri25" 

vlOOy 


0.6 


= 0.2852 m^ 


100 X 0.2852 


T 2 = Ti P2V2/(PiVi) = 350 125 x 0.25 = 319.4K 


Work from Eq.4.4 


lW 2 = 


P 2 V 2 -P 1 V 1 100x 0.2852- 125x 0.25 


1 -n 


1 - 1.667 


kPa m^ = 4.09 kJ 


Use specific heat from Table A.5 to evaluate U 2 - u^, Cy = 3.116 kJ/kg K 

1Q2 = m(u 2 - uj) + {W2 = m Cy (T2 - Tj) + ^W2 

= 0.043 X 3.116 X (319.4-350)+ 4.09 = -0.01 kJ 
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5.107 

A piston/cylinder in a car contains 0.2 L of air at 90 kPa, 20°C, shown in Fig. P5.107. 
The air is compressed in a quasi-equilibrium polytropie proeess with polytropie 
exponent n = 1.25 to a final volume six times smaller. Determine the final pressure, 
temperature, and the heat transfer for the proeess. 

Solution; 

C.V. Air. This is a eontrol mass going through a polytropie proeess. 

Continuty: m 2 = m^ 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Proeess: Pv^ = eonst. 


Pjvi^ = P 2 V 2 ^ ^ P 2 = Pi(vi/v 2 )^ = 90 X 6'-^" = 845.15 kPa 
Substance ideal gas: Pv = RT 

T 2 = Ti(P2 V2 /PiVi) = 293.15(845.15/90 x 6) = 458.8 K 



V 



V 


m = 


PV 90 X 0.2x10~3 4 

RT “ 0.287 X 293.15 


The work is integrated as in Eq.4.4 


1 W 2 = /Pdv = yT^ (P 2 V 2 - Pivi) = (T 2 - T 1 ) 

0 287 

= Y7Y^(458.8 -293.15) =-190.17 kJ/kg 


The energy equation with values of u from Table A. 7 is 

i92 = U2 - ui + 1 W 2 = 329.4 - 208.03 - 190.17 = -68.8 kJ/kg 

1 Q 2 = m iq 2 = -0.0147 kJ (i.e a heat loss) 
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5.108 

A piston/cylinder has nitrogen gas at 750 K and 1500 kPa. Now it is expanded in a 
polytropie proeess with n = 1.2 to P = 750 kPa. Find the final temperature, the speeific 
work and speeifie heat transfer in the proeess. 

C.V. Nitrogen. This is a eontrol mass going through a polytropie proeess. 
Continuty: m 2 = m^ 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Proeess: Pv^ = eonstant 

Substance ideal gas: Pv = RT 

n-l 0-2 

- f 750^1 ? 

T 2 = Ti (P 2 /P 1 ) = 750 = '^50 X 0.8909 = 668 K 

The work is integrated as in Eq.4.4 

1 W 2 = /Pdv = (P 2 V 2 - Pivi) = (T 2 - T 1 ) 

0.2968 

= Y7Yy(668 - 750) = 121.7 kJ/kg 

The energy equation with values of u from Table A. 8 is 

iq2 = ^2 - uj + 1^2 = 502.8 - 568.45 + 121.7 = 56.0 kJ/kg 

If constant specific heat is used from Table A. 5 

iq2 = C(T2 - Ti) + 1 W 2 = 0.745(668 - 750) + 121.7 = 60.6 kJ/kg 
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5.109 

A piston/cyUnder arrangement of initial volume 0.025 m^ contains saturated water 
vapor at 180°C. The steam now expands in a polytropic process with exponent n = \ 
to a hnal pressure of 200 kPa, while it does work against the piston. Determine the 
heat transfer in this process. 

Solution; 

C.V. Water. This is a control mass. 

State 1; Table B.1.1 P = 1002.2 kPa, v^ = 0.19405 m^/kg, u^ = 2583.7 kJ/kg , 

m = V/v^ = 0.025/0.19405 = 0.129 kg 
Process: Pv = const. = P^v^ = P 2 V 2 ; polytropic process n = 1. 

^ V 2 = v^P/P 2 = 0.19405 X 1002.1/200 = 0.9723 m^/kg 
State 2; P 2 , V 2 ^ Table B.1.3 T 2 = 155°C , U 2 = 2585 kJ/kg 

V 2 0 9723 

^W 2 = /PdV = P^V^ In —= 1002.2 x 0.025 In q =40.37 kJ 

^Q2 = m(u2 - up + ^W2 = 0.129(2585 - 2583.7) + 40.37 = 40.54 kJ 



Notice T drops, it is not an ideal gas. 
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5.110 

Air is expanded from 400 kPa, 600 K in a polytropie proeess to 150 kPa, 400 K in a 
piston eyUnder arrangement. Find the polytropie exponent n and the work and heat 
transfer per kg air using eonstant heat eapaeity from A.5. 

Solution: 

Proeess: 

Ideal gas: PV = RT ^ V = RT/P 
Pi 

In ^ = In (V 2 / Vi)^ = n In (V 2 / Vi) = 


The work integral is from Eq.4.4 

R 0 287 

1 W 2 = /PdV = (T 2 - Ti) = (400 - 600) = 81.45 kJ/kg 

Energy equation from Eq.5.11 

jq2 = U 2 - u^ + ^W2 = Cv(T2 - Tj) + 1 W 2 = 0.717 (400-600) + 81.45 



1 f— —1 
n In L X T J 

r400 400 -1 , 

1- 600 ^150-1 


= -61.95 kJ/kg 
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5.111 

A piston/cylinder has 1 kg propane gas at 700 kPa, 40°C. The piston cross-sectional 
area is 0.5 m^, and the total external force restraining the piston is directly 
proportional to the cylinder volume squared. Heat is transferred to the propane until its 
temperature reaches 700°C. Determine the final pressure inside the cylinder, the work 
done by the propane, and the heat transfer during the process. 

Solution: 

C.V. The 1 kg of propane. 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

7 9 

Process: P = Pg^t ^ CV ^ PV' = constant, polytropic n = -2 
Ideal gas: PV = mRT, and process yields 


n 


P2 = Pi(T2/Ti)n-l = 700 


r700+273.15 


40+273.15 


A 


V 


2/3 


= 1490.7 kPa 


/ 


The work is integrated as Eq.4.4 


lW2 = 


2 

/PdV = 
1 


P2V2-P1V1 mR(T 2 -Ti) 


1 -n 


1 -n 


lx 0.18855 X (700-40) .. 

=- (-_2) - = 41.48 kJ 

The energy equation with specific heat from Table A. 5 becomes 

1Q2 = m(u2 - ui) + 1W2 = mCv(T2 - Ti) + 1W2 


= 1 X 1.490 X (700 - 40) + 41.48 = 1024.9 kJ 
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5.112 

An air pistol contains compressed air in a small eylinder, shown in Fig. P5.112. 
Assume that the volume is 1 em^, pressure is 1 MPa, and the temperature is 27°C 
when armed. A bullet, m = 15 g, aets as a piston initially held by a pin (trigger); when 
released, the air expands in an isothermal proeess {T = eonstant). If the air pressure is 
0.1 MPa in the eylinder as the bullet leaves the gun, find 

a. The final volume and the mass of air. 

b. The work done by the air and work done on the atmosphere, 

e. The work to the bullet and the bullet exit veloeity. 

Solution: 

C.V. Air. 


Air ideal gas: maij- = PiVi/RTi = 1000 x 10‘^/(0.287 x 300) = 1.17x10'^ kg 


Process: PV = eonst = PiV^ = P 2 V 2 


V 2 = V 1 P 1 /P 2 = 10 cm 



1 W 2 = /PdV 


dV = PiVi In (V 2 A/ 1 ) = 2,303 J 


iW2,atm = Po(V2 - Vi) = 101 X (10 - 1) X 10-6 kJ = 0.909 J 

1 2 

^bullet “ 1^2 - iW2^atm “ 1.394 J - 2 mbullet(Vexit) 


Vexit = (2Wbullet/mB)^^^ = (2 x 1.394/0.015)^^^ = 13.63 m/s 
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5.113 

A spherical balloon contains 2 kg of R-22 at 0°C, 30% quality. This system is heated 
until the pressure in the balloon reaches 600 kPa. For this process, it can be assumed that 
the pressure in the balloon is directly proportional to the balloon diameter. How does 
pressure vary with volume and what is the heat transfer for the process? 

Solution; 

C.V. R-22 which is a control mass. 

m 2 = mi = m ; 

Energy Eq.5.11: m(u 2 - Ui) = 1 Q 2 - 1 W 2 

State 1: 0°C, x = 0.3. Table B.4.1 gives Pj = 497.6 kPa 

Vj = 0.000778 + 0.3 x 0.04636 = 0.014686 m^/kg 
u^ = 44.2 + 0.3 X 182.3 = 98.9 kJ/kg 

Process: P oc D, V oc D => PV = constant, polytropic n = -l/3. 

=> V2 = mv2 = V^(P2/Pi)3 = mv^(P2/Pi)3 

V 2 = Vi ( P 2 /Pi f = 0.014686 X (600 / 497.6)^ = 0.02575 m^/kg 
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5.114 

Calculate the heat transfer for the proeess deseribed in Problem 4.55. 

Consider a piston eylinder with 0.5 kg of R-134a as saturated vapor at -10°C. It is now 
eompressed to a pressure of 500 kPa in a polytropie proeess with n = 1.5. Find the 
final volume and temperature, and determine the work done during the proeess. 

Solution: 

Take CV as the R-134a whieh is a control mass 

Continuity: m 2 = m^ = m ; Energy: rn(u 2 -u^) = 1 Q 2 - 1 W 2 

Process: Pv''^ = eonstant. Polytropie proeess with n = 1.5 
1:(T, x) P = Psat = 201.7 kPa from Table B.5.1 

vj = 0.09921 m^/kg, ui = 372.27 kJ/kg 
2: (P, proeess) V 2 = vi (P 1 /P 2 ) = 0.09921x (201.7/500)“ '’'’^ = 0.05416 

=> Table B.5.2 superheated vapor, T 2 = 79°C, 

U2 = 440.9 kJ/kg 

Process gives P = C v , whieh is integrated for the work term, Eq.4.4 
1 W 2 = ! P dV = m(P 2 V 2 - Pivi)/(1-1.5) 

= -2x0.5x (500x0.05416 - 201.7x0.09921) = -7.07 kJ 
1 Q 2 = m(u2 -ui) + 1 W 2 = 0.5(440.9 - 372.27) + (-7.07) = 27.25 kJ 
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5.115 


A piston/cylinder setup contains argon gas at 140 kPa, 10°C, and the volume is 100 L. 

The gas is compressed in a polytropic process to 700 kPa, 280°C. Calculate the heat 
transfer during the process. 

Solution: 

Find the final volume, then knowing Pi, Vj, P 2 , V 2 the polytropic exponent can 
be determined. Argon is an ideal monatomic gas (Cv is constant). 


Pi T 2 140 553.15 c, 

V 2 = Vi X — — = 0.1 X ^ = 0,0391 


P2 Ti 


PlVi“ = P,V2” 


700 283.15 

P 


n In (p^) / In (y^) q ^^9 


1.6094 


= 1.714 


P 2 V 2 -P 1 V 1 700x0.0391 - 140x0.1 _ 

1W 2 = /PdV =- ; -=- . . . -= -18.73 kJ 


1 -n 


1 - 1.714 


m = PiVi/RTj = 140 X 0.1/(0.20813 x 283.15) = 0.2376 kg 

1Q2 = m(u2 - ui) + 1W2 = mCv(T2 - Ti) + 1W2 

= 0.2376 X 0.3122 (280 - 10) - 18.73 = 1.3 kJ 
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Energy Equation in Rate Form 


5.116 

A crane lifts a load of 450 kg vertically up with a power input of 1 kW. How fast can 
the crane lift the load? 


Solution ; 


Power is force times rate of displacement 


W = FV = mgV 



1000 W 
450 X 9.806 N 


= 0,227 m/s 
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5.117 

A computer in a closed room of volume 200 m^ dissipates energy at a rate of 10 kW. 
The room has 50 kg wood, 25 kg steel and air, with all material at 300 K, 100 kPa. 
Assuming all the mass heats up uniformly, how long will it take to increase the 
temperature 10°C? 

Solution: 

C.V. Air, wood and steel, m 2 = m^ ; no work 
Energy Eq.5.11: EI 2 - El^ = 1 Q 2 = QAt 

The total volume is nearly all air, but we can find volume of the solids. 

Vwood = m/p = 50/510 = 0.098 m3 ; V^teel = 25/7820 = 0.003 m3 
Vair = 200 - 0.098 - 0.003 = 199.899 m3 

mair = PV/RT= 101.325 x 199.899/(0.287 x 300) = 235.25 kg 

We do not have a u table for steel or wood so use heat capacity from A.3. 

AEl — [maij- Cy + m^QQ^j Cy + m^^ggj Cy ]AT 

= (235.25 X 0.717 + 50 x E38 + 25 x 0.46) 10 
= 1686.7 + 690 +115 = 2492 kJ = Q x At = 10 kW x At 
=> At = 2492/10 = 249,2 sec = 4,2 minutes 
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5.118 

The rate of heat transfer to the surroundings from a person at rest is about 400 kJ/h. 
Suppose that the ventilation system fails in an auditorium containing 100 people. 
Assume the energy goes into the air of volume 1500 m^ initially at 300 K and 101 
kPa. Find the rate (degrees per minute) of the air temperature change. 

Solution: 

Q = n q = lOOx 400 = 40000 kJ/h = 666.7 kJ/min 



Q ^air^v 



m,ir= PV/RT = 101 X 1500 / 0.287 x 300 = 1759.6 kg 
dT • 

= Q /mCy = 666.7 / (1759.6 x 0.717) = 0.53°C/min 
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5.119 

A piston/cyUnder of cross sectional area 0.01 m maintains constant pressure. It 

contains 1 kg water with a quality of 5% at 150®C. If we heat so I g/s liquid turns into 
vapor what is the rate of heat transfer needed? 


Solution; 

Control volume the water. 

Continuity Eq.: m^^^ = constant = + mjjq 

on a rate form: = 0 = + ninq ^ 

^vapor “ ^vapor 5 ^liq “ ^liq 
^tot “ ^vapor ^liq 



= V 


vapor 


^liq ^vapor^g ^ ^liq^f 


= m 


vapor ('^g" ) ~ ^vapor '^fg 


W = PV =PmvaporVfg 

= 475.9 X 0.001 X 0.39169 = 0.1864 kW = 186 W 
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5.120 

The heaters in a spacecraft suddenly fail. Heat is lost by radiation at the rate of 100 
kJ/h, and the electric instruments generate 75 kJ/h. Initially, the air is at 100 kPa, 25 °C 
with a volume of 10 m^. How long will it take to reach an air temperature of -20°C? 

Solution: 


C.M. Air 



Continuity Eq: = 0 

dE . 

Energy Eq: = Qel' Qrad 


W = 0 
KE = 0 
PE = 0 


E U Qel ■ Qrad Qnet ^ U2"Ui m(u2-uQ QnetCQ" it) 


Ideal gas: m = 


PlVl 

RTj 


100 xlO 

0.287 X 298.15 


11.688 kg 


U2 - ui = Cvo(T2 - TQ = 0.717 (-20 - 25) = -32.26 kJ/kg 

t2 - ti = mCvo(T2-Ti)/Qnet = 11-688 x (-32.26)/(-25) = 15.08 h 
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5.121 

A steam generating unit heats saturated liquid water at eonstant pressure of 200 kPa in 
a piston cylinder. If 1.5 kW of power is added by heat transfer find the rate (kg/s) of 
saturated vapor that is made. 

Solution: 

Energy equation on a rate form making saturated vapor from saturated liquid 


U = (mu) = mAu = Q- W = Q- PV = Q- PmAv 
• • • • 

m(Au + AvP ) = Q = mAh = mhfg 

m=Q/ hfg= 1500/2201.96 = 0.681 kg/s 
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5.122 

A small elevator is being designed for a eonstruetion site. It is expeeted to earry four 
75-kg workers to the top of a 100-m tall building in less than 2 min. The elevator eage 
will have a eounterweight to balanee its mass. What is the smallest size (power) 
eleetrie motor that ean drive this unit? 

Solution; 


m = 4 X 75 = 300 kg ; AZ = 100 m ; At = 2 minutes 


-W = APE = mg 


AZ 300 X 9.807 x 100 


At 


1000 X 2 X 60 


= 2,45 kW 
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5.123 

As fresh poured eonerete hardens, the chemical transformation releases energy at a 
rate of 2 W/kg. Assume the center of a poured layer does not have any heat loss and 
that it has an average heat capacity of 0.9 kJ/kg K. Find the temperature rise during 1 
hour of the hardening (curing) process. 

Solution; 


U = (mu) = mCyX = Q = mq 

t = q/Cv = 2xl0-V0.9 
= 2.222 X 10-3 °C/sec 
AT = TAt = 2.222 x x 3600 = 8 °C 
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5.124 

A 100 Watt heater is used to melt 2 kg of solid ice at -10°C to liquid at +5”C at a 
constant pressure of 150 kPa. 

a) Find the change in the total volume of the water. 

b) Find the energy the heater must provide to the water. 

c) Find the time the process will take assuming uniform T in the water. 

Solution: 

Take CV as the 2 kg of water. m 2 = m^ = m ; 

Energy Eq.5.11 m(u 2 - ui) = 1 Q 2 - 1 W 2 

State 1: Compressed solid, take sat. solid at same temperature. 

V = Vi(-lO) = 0.0010891 m3/kg, h = h; = -354.09 kJ/kg 

State 2: Compressed liquid, take sat. liquid at same temperature 

v = Vf= 0.001, h = hf= 20.98 kJ/kg 

Change in volume: 

V 2 - Vi = m(v2 - vi) = 2(0.001 - 0.0010891) = 0.000178 m3 
Work is done while piston moves at constant pressure, so we get 
1 W 2 = j P dV = area = P(V 2 - Vi) = -150 x 0.000178 = -0.027 kJ = -27 J 
Heat transfer is found from energy equation 

1 Q 2 = m(u2 - ui) + 1 W 2 = m(h2 - h^) = 2 x [20.98 - (-354.09)] = 750 kJ 

The elapsed time is found from the heat transfer and the rate of heat transfer 

t = 1 Q 2 /Q = (750/100) 1000 = 7500 s = 125 min = 2 h 5 min 
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5.125 

Water is in a piston cylinder maintaining constant P at 700 kPa, quality 90% with a 

volume of 0.1 m . A heater is turned on heating the water with 2.5 kW. What is the 
rate of mass (kg/s) vaporizing? 


Solution: 


Control volume water. 
Continuity Eq.: 


mtot = constant = m^^por + miiq 

• • • 

on a rate form: m^Qt = 0 = myjjpQj. + mj^q 


miiq 


= -m 


vapor 


Energy equation: 


« « « « « « 

U — Q - W — Ufg — Q - P niy^pQj. Vfg 


Rearrange to solve for m 


vapor 


V « « 

^vapor (^fg ~ ^vapor ^^fg “ Q 


^vapor Q/l^fg 


2.5 kW 
2066.3 kJ/kg 


= 0,0012 kg/s 
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Review Problems 


5.126 

Ten kilograms of water in a piston/eyUnder setup with eonstant pressure is at 450°C 

and a volume of 0.633 m . It is now eooled to 20°C. Show the P-v diagram and find 
the work and heat transfer for the proeess. 

Solution; 

C.V. The 10 kg water. 

Energy Eq.5.11; m(u 2 - u^) = jQ 2 - ^W 2 

Proeess; P = C ^ ^W 2 = mP(v 2 -v^ 

State 1; (T, v^ = 0.633/10 = 0.0633 m^/kg) Table B.1.3 

Pj=5MPa, h^ =3316.2 kJ/kg 

State 2; (P = P = 5 MPa, 20°C) => Table B. 1.4 

Vj = 0.000 999 5 m^/kg ; h., = 88.65 kJ/kg 



The work from the process equation is found as 

^W 2 = 10 X 5000 x(0.0009995 - 0.0633) = -3115 kJ 

The heat transfer from the energy equation is 
jQ 2 = m(u2 - u^) + ^W2 = m(h2 - h^) 

^Q2 = 10 x(88.65 - 3316.2) = -32276 kJ 
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5.127 

Consider the system shown in Fig. P5.127. Tank A has a volume of 100 L and eontains 

saturated vapor R-134a at 30°C. When the valve is eraeked open, R-134a flows slowly 
into eyUnder B. The piston mass requires a pressure of 200 kPa in eylinder B to raise the 
piston. The proeess ends when the pressure in tank A has fallen to 200 kPa. During this 
proeess heat is exehanged with the surroundings sueh that the R-134a always remains at 
30°C. Caleulate the heat transfer for the proeess. 

Solution; 

C.V. The R-134a. This is a eontrol mass. 

Continuity Eq.: m 2 = m^ = m ; 


Energy Eq.5.11: 


m(u 2 -ui)= 1Q2 - 1W2 


Proeess in B: IfVg>0 then P = (piston must move) 


lW2 = i’PfloatdV = Pfioat“'(^2-^l) 


Work done in B against eonstant external foree (equilibrium P in eyl. B) 

State 1: 30°C, x = 1. Table B.5.1; v^ = 0.02671 m^/kg, Uj = 394.48 kJ/kg 

m = V/v^ =0.1 / 0.02671 = 3.744 kg 

State 2: 30°C, 200 kPa superheated vapor Table B.5.2 

V 2 = 0.11889 m^/kg, U 2 = 403.1 kJ/kg 
Prom the proeess equation 

1 W 2 = Pfioat“^(^2 ■ ^ 1 ) = 200x3.744x( 0.1 1889 - 0.02671) = 69.02 kJ 

Prom the energy equation 

jQ 2 = m(u 2 - u^) + ^W 2 = 3.744 x(403.1 - 394.48) + 69.02 = 101.3 kJ 
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5.128 

Ammonia, NH 3 , is contained in a sealed rigid tank at 0°C, x = 50% and is then heated 
to 100°C. Find the final state P 2 , U 2 and the speeifie work and heat transfer. 

Solution; 

Continuity Eq.: m 2 = m^ ; 

Energy Eq.5.11; E 2 - Ei = 1 Q 2 ; ( 1 W 2 = 0) 

Proeess; V 2 = Vi ^ V 2 = = 0.001566 + 0.5 x 0.28783 = 0.14538 m^/kg 

TableB.2.2; V 2 & T 2 ^ between 1000 kPa and 1200 kPa 
^ 0.14538-0.17389 

P 2 - 1000 + 200 Q_;^ 434 y _ 0.17389 “ 



U 2 = 1490.5 + (1485.8 - 1490.5) x 0.935 
= 1485.83 kJ/kg 

ui = 179.69 + 0.5 X 1138.3 = 748.84 kJ/kg 


Proeess equation gives no displaeement; 1 W 2 = 0 ; 

The energy equation then gives the heat transfer as 

iq 2 = U 2 - ui = 1485.83 - 748.84 = 737 kJ/kg 
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5.129 

A piston/cylinder contains 1 kg of ammonia at 20°C with a volume of 0.1 m^, shown 
in Fig. P5.129. Initially the piston rests on some stops with the top surface open to the 
atmosphere, Po, so a pressure of 1400 kPa is required to lift it. To what temperature 
should the ammonia be heated to lift the piston? If it is heated to saturated vapor find 
the final temperature, volume, and the heat transfer. 

Solution; 

C.V. Ammonia which is a control mass. 

m 2 = mi = m ; m(u 2 -ui) = 1 Q 2 - 1 W 2 


State 1: 20°C; v^ = 0.10 < Vg ^ = (0.1 - 0.001638)/0.14758 = 0.6665 

u^ = u^+ Xj U£g = 272.89 + 0.6665 x 1059.3 = 978.9 kJ/kg 
Process; Piston starts to lift at state la (Puft, v^) 

State la; 1400 kPa, vi Table B.2.2 (superheated vapor) 


Ta = 50 + (60 - 50) 


0.1 -0.09942 
0.10423-0.09942 


= 51.2 °C 


1400 

1200 

857 



State 2; X = 1.0, V 2 = v^ => V 2 = mv 2 = 0,1 

T2 = 30+ (0.1 -0.11049) X 5/(0.09397-0.11049) = 33.2 °C 
U2= 1338.7 kJ/kg; iW2 = 0; 

1 Q 2 = mjq2 = m(u2 - u^ = 1 (1338.7 - 978.9) = 359,8 kJ/kg 









Sonntag, Borgnakke and van Wylen 


5.130 

A piston held by a pin in an insulated cylinder, shown in Fig. P5.130, contains 2 kg 
water at 100°C, quality 98%. The piston has a mass of 102 kg, with cross-sectional 
area of 100 cm^, and the ambient pressure is 100 kPa. The pin is released, which 
allows the piston to move. Determine the final state of the water, assuming the process 
to be adiabatic. 

Solution; 

C.V. The water. This is a control mass. 


Continuity Eq.: 
Energy Eq.5.11; 
Process in cylinder; 


m 2 = m^ = m ; 

m(u 2 -ui)= 1Q2 - 1W2 
P = (if piston not supported by pin) 




+ mpg/A =100 + 


102 X 9.807 
100x10-4 X io3 


= 200 kPa 


We thus need one more property for state 2 and we have one equation namely the 
energy equation. Prom the equilibrium pressure the work becomes 

lW2 = fifloat‘'V = P2m(v2-V;) 

With this work the energy equation gives per unit mass 

^2 - ui = iq 2 - 1 W 2 = 0 - P 2 (V 2 - v^) 
or with rearrangement to have the unknowns on the left hand side 

^2 + ^2^2 = ^2 = ^ 1 + P 2 V 1 

h 2 = Ui + P 2 V^ = 2464.8 + 200 x 1.6395 = 2792.7 kJ/kg 
State 2; (P 2 , h 2 ) Table B. 1.3 => T 2 = 161.75°C 
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5.131 

A piston/cyUnder arrangement has a linear spring and the outside atmosphere acting 
on the piston, shown in Fig. P5.131. It contains water at 3 MPa, 400°C with the 
volume being 0.1 m^. If the piston is at the bottom, the spring exerts a force such that 
a pressure of 200 kPa inside is required to balance the forces. The system now cools 
until the pressure reaches 1 MPa. Find the heat transfer for the process. 


Solution; 


C.V. Water. 
Continuity Eq.; 

Energy Eq.5.11 


m 2 = mi = m ; 
m(u 2 -ui)= 1Q2 - 1W2 


3 MPa 

1 MPa 
200 kPa 



State 1; Table B.1.3 

Vj = 0.09936 m^/kg, Uj = 2932.8 kJ/kg 
m = V/v^ = 0.1/0.09936= 1.006 kg 
Process: Linear spring so P linear in v. 

P = Pq + (Pi - Po)v/vi 


(P 2 - Pq)vi (1000 -200)0.09936 ^ 3 ,, 

^^2 “ Pi - Pq “ 3000 - 200 “ 0.02839 m /kg 

State 2: P 2 , V 2 ^ X 2 = (v 2 - 0.001127)/0.19332 = 0.141, T2=179.91°C, 

U 2 = 761.62 + X 2 X 1821.97 = 1018.58 kJ/kg 

Process => 1 W 2 = /PdV = j m(Pi + P 2 )(v 2 - Vi) 

= 1 1.006 (3000 + 1000)(0.02839 -0.09936) = -142.79 kJ 

Heat transfer from the energy equation 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 1.006(1018.58 - 2932.8) - 142.79 = -2068.5 kJ 
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5.132 

Consider the piston/cyUnder arrangement shown in Fig. P5.132. A frietionless piston 
is free to move between two sets of stops. When the piston rests on the lower stops, 
the enclosed volume is 400 L. When the piston reaches the upper stops, the volume is 
600 L. The cylinder initially contains water at 100 kPa, 20% quality. It is heated until 
the water eventually exists as saturated vapor. The mass of the piston requires 300 kPa 
pressure to move it against the outside ambient pressure. Determine the final pressure 
in the cylinder, the heat transfer and the work for the overall process. 

Solution; 

C.V. Water. Check to see if piston reaches upper stops. 

Energy Eq.5.11; m(u 4 - u^) = 1 Q 4 - 1 W 4 

Process; If P < 300 kPa then V = 400 L, line 2-1 and below 

If P > 300 kPa then V = 600 L, line 3-4 and above 
If P = 300 kPa then 400 E < V < 600 E line 2-3 

These three lines are shown in the P-V diagram below and is dictated by the 
motion of the piston (force balance). 

0.4 

State 1; v^ = 0.001043 + 0.2x1.693 = 0.33964; m = V^/v^ = q 339^4 = 1.178 kg 
ui = 417.36 + 0.2 X 2088.7 = 835.1 kJ/kg 

State 3; V 3 =Y^j^ = 0.5095 < vq = 0.6058 atP 3 = 300kPa 

^ Piston does reach upper stops to reach sat. vapor. 

State 4; V 4 = V 3 = 0.5095 m^/kg = vq at P 4 Prom Table B. 1.2 

=> P 4 = 361 kPa, U 4 = 2550.0 kJ/kg 

]^W 4 = 1 W 2 + 2^3 3^4 ~ 0 2^3 ^ 

1 W 4 = P 2 (V 3 - V 2 ) = 300 X (0.6 - 0.4) = 60 kJ 

1 Q 4 = m(u 4 - ui) + 1 W 4 = 1.178(2550.0 - 835.1) + 60 = 2080 kJ 
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5.133 

A piston/cylinder, shown in Fig. P5.133, contains R-12 at - 30°C, x = 20%. The 

volume is 0.2 m . It is known that Fgtop = 0-4 > and if the piston sits at the bottom, 

the spring force balances the other loads on the piston. It is now heated up to 20°C. 
Find the mass of the fluid and show the P-v diagram. Find the work and heat transfer. 

Solution; 

C.V. R-12, this is a control mass. Properties in Table B.3 
Continuity Eq.: m 2 = m^ 

Energy Eq.5.11; E 2 - E^ = m(u 2 - ui) = 1 Q 2 - 1 W 2 

Process: P = A + BV, V < 0.4 m^, A = 0 (atV = 0, P = 0) 

State 1: Vi = 0.000672 + 0.2 x 0.1587 = 0.0324 m^/kg 

ui = 8.79 + 0.2 X 149.4 = 38.67 kJ/kg 
m = mi= = Vi/vi = 6,17 kg 

System; on line 

V < V,top; 

Estop ^ 2Pi =200 kPa 
State stop: (P,v) ^T 5 ^op = -12°C 

TWO-PHASE STATE 

Since T 2 > T^top ^ V 2 = v^^p = 0.0648 m^/kg 
2: (T 2 , V 2 ) Table B.3.2: Interpolate between 200 and 400 kPa 

P 2 = 292.3 kPa ; U 2 = 181.9 kJ/kg 
Erom the process curve, see also area in P-V diagram, the work is 

= ^(100+ 200)0.2 = 30 kJ 

Prom the energy equation 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 913.5 kJ 


1W 2 =/PdV =+P, + P„™)(Va„p - Vi) 
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5.134 

A piston/cyUnder arrangement B is eonneeted to a l-m^ tank A by a line and valve, 
shown in Fig. P5.134. Initially both contain water, with A at 100 kPa, saturated vapor 
and B at 400°C, 300 kPa, 1 m^. The valve is now opened and, the water in both A and 
B comes to a uniform state. 

a. Find the initial mass in A and B. 

b. If the process results in 72 = 200°C, find the heat transfer and work. 

Solution; 

C.V.: A + B. This is a control mass. 

Continuity equation; = 0 ; 

Energy; m 2 U 2 - m^^u^^ - m^^Ug^ = ^ 


System; if Vg > 0 piston floats ^ ^ ^ 


if Vg = 0 then P 2 < Pg^ and v = V^/ni^ot 


g^ = const, 
see P-V diagram 


W„ = JPgdVg = Pg^(V2 - V2)g = Pgi(V2 - 


12 


State Al; Table B. 1.1, x=l 

v^^ = 1.694 m3/kg, u^^ = 2506.1 kJ/kg 

m^l = = 0.5903 kg 

State Bl; Table B.1.2 sup. vapor 
Vgi = 1.0315 m3/kg, Ug^ = 2965.5 kJ/kg 


m 


= Vo=0.9695 kg 


Bl 'Br'Bl 

m 2 = nipQj = 1-56 kg 



* At(T2,PoO 


Bl 


v„= 0.7163 > V = V./m.^. = 0.641 so Vo-, > 0 

2 a A tot B2 


SO now State 2: = 300 kPa, = 200 


2 


Bl 


=> = 2650.7 kJ/kg and = 1.56 x 0.7163 = 1.117 m 


3 


2 


2 2 


(we could also have checked To at: 300 kPa, 0.641 m^/kg => T = 155 °C) 


a 

W. = P^.(V^ - V^) = -264.82 kJ 


12 


Bl^ ’ 2 


- m* .u*. - . W. = -484.7 kJ 


l '<2 




Bl'^Bl 1 2 
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5.135 

A small flexible bag contains 0.1 kg ammonia at -10°C and 300 kPa. The bag material 
is such that the pressure inside varies linear with volume. The bag is left in the sun 
with with an incident radiation of 75 W, loosing energy with an average 25 W to the 

ambient ground and air. After a while the bag is heated to 30°C at which time the 
pressure is 1000 kPa. Find the work and heat transfer in the process and the elapsed 
time. 

Solution; 

Take CV as the Ammonia, constant mass. 

Continuity Eq.; m 2 = m^ = m ; 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Process: P = A + BV (linear in V) 

State 1; Compressed liquid P > P^^t, take saturated liquid at same temperature. 

Vl = Vf(20) = 0.001002 m3/kg, u^ = Uf = 133.96 kJ/kg 

State 2; Table B.2.1 at 30®C : P < P^^t so superheated vapor 

V2 = 0.13206 m3/kg, U 2 = 1347.1 kJ/kg, V 2 = mv2 = 0,0132 m3 

Work is done while piston moves at increacing pressure, so we get 

1 W 2 = 1 / 2(300 + 1000)*0.1(0.13206 - 0.001534) = 8.484 kJ 

Heat transfer is found from the energy equation 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 0.1 (1347.1 - 133.96) + 8.484 
= 121.314+ 8.484 = 129.8 kJ 




Qnet = 75 - 25 = 50 Watts 

129800 

t = 1Q2 ! Qnet ^ —sn— ^ 2596 s = 43,3 min 


50 













Sonntag, Borgnakke and van Wylen 


5.136 


Water at 150°C, quality 50% is contained in a cylinder/piston arrangement with initial 
volume 0.05 m^. The loading of the piston is such that the inside pressure is linear 
with the square root of volume as P = 100 + CV^-^ kPa. Now heat is transferred to the 
cylinder to a final pressure of 600 kPa. Find the heat transfer in the process. 


Continuty: 


m2 = mi 


Energy; 


State 1: vi = 0.1969, u^ = 1595.6 kJ/kg 


m(u 2 -ui) = 1Q2- 1W2 
m = V/vi = 0.254 kg 


Process equation 


Pj - 100 = CVi^/2 so 


(V2/Vi)1/2 = (P2-100)/(Pi-100) 


V2 = ViX 


P 2 - 100 

Pi - 100 


= 0.05 X 


500 


n2 


475.8 - 100 


= 0.0885 


lW 2 = /PdV = /(100 + CV^/2)dV= 100x(V2-Vi) +jC(V 2 ^-^ -Vi^-^) 

= 100(V2 - Vi)(l - 2/3) + (2/3)(P2V2 - PiVi) 

W 2 = 100 (0.0885-0.05)/3 + 2 (600 x 0.0885-475.8 x 0.05)/3 = 20.82 kJ 


1 


State 2: P 2 , V 2 = V 2 /m = 0.3484 


U2 = 2631.9 kJ/kg, T2 = 196°C 


1 Q 2 = 0.254 X (2631.9 - 1595.6) + 20.82 = 284 kJ 



V 
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5.137 

A 1 tank containing air at 25®C and 500 kPa is connected through a valve to 
another tank containing 4 kg of air at 60®C and 200 kPa. Now the valve is opened and 
the entire system reaches thermal equilibrium with the surroundings at 20®C. Assume 
eonstant specific heat at 25®C and determine the final pressure and the heat transfer. 


Control volume all the air. Assume air is an ideal gas. 


Continuity Eq.; 
Energy Eq.: 
Process Eq.: 


m2 - mAi - mBi = 0 

U2 - Ui = m2U2 - niAiUAi - rngiUBi = 1Q2 - 1W2 


V = constant 


lW2 = 0 


State 1: 


mAi 


PaiVai _ (500 kPa)(lm3) ^ , 

RTai (0.287 kJ/kgK)(298.2 K) 5.84 kg 



meiRTBi 


(4 kg)(0.287 kJ/kgK)(333.2 K) 

(200 kN/m2) 


= 1.91 m^ 


State 2 : T2 = 20 °C, V2 = V2/m2 

m 2 = mAi + mBi = 4 + 5.84 = 9.84 kg 
V2= Vai + Vbi = 1 + 1.91 =2.91 m^ 

P, = = (9.84 kg)(0.287 kJ/kgK)(293.2 K) ^ 

^ V 2 2.91 m^ 


Energy Eq.5.5 or 5.11: 

1Q2 = U2 - Ui = m2U2 - mAiUAi - mBiUBi 

= mAi(u2 -uai) + mBi(u2 - Ubi) 

= mAiCvo(T2 - Tai) + mBiCvo(T2 - Tbi) 

= 5.84 X 0.717 (20 - 25) + 4 x 0.717 (20 - 60) = -135.6 kJ 

The air gave energy out. 
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5.138 

A closed cylinder is divided into two rooms by a frietionless piston held in plaee by a 
pin, as shown in Fig. P5.138. Room A has 10 L air at 100 kPa, 30°C, and room B has 
300 L saturated water vapor at 30°C. The pin is pulled, releasing the piston, and both 

rooms come to equilibrium at 30°C and as the water is compressed it becomes two- 
phase. Considering a eontrol mass of the air and water, determine the work done by 
the system and the heat transfer to the cylinder. 

Solution; 

C.V. A + B, control mass of constant total volume. 

Energy equation; mA(u 2 - ui)a + mB(uB 2 - ubi) = 1 Q 2 - 1 W 2 
Process equation; V = C ^ 1 W 2 = 0 

T = C ^ (u 2 - ui)a = 0 (ideal gas) 

The pressure on both sides of the piston must be the same at state 2. 

Since two-phase; P 2 = Pg H 2 O at 30°C = Pa2 = Pb 2 = 4.246 kPa 

Air, I.G.; PaiVai = ^aRaT = Pa2Va 2 = Pg H 2 O at 30°C Va2 

100 ^ 0.01 1, ^ 1, 

Va 2 = 4 246 = 0.2355 m 

Now the water volume is the rest of the total volume 

Vb2 = Vai + Vbi - Va 2 = 0.30 + 0.01 - 0.2355 = 0.0745 m^ 

^Bl 0.3 Q Q 

mB = '(;^= 32 g9 " 9.121xl0‘-^ kg => vb2 = 8.166 m-^/kg 

8.166 = 0.001004+ xb2 x (32.89 -0.001) ^ xb2 = 0.2483 
ub 2 = 125.78 + 0.2483 x 2290.8 = 694.5 kJ/kg, ubi = 2416.6 kJ/kg 

1 Q 2 = mB(uB2 - Ubi) = 9.121x10-3(694.5 - 2416.6) = -15.7 kJ 
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Concept Problems 

5.139 

What is 1 cal in english units, what is 1 Btu in ft-lbf? 

Look in Table A.l for the eonversion faetors under energy 

1 Btu = 778.1693 Ibf-ft 

1 eal = 4.1868 J = ^ 95 ^ Btu = 0.00397 Btu = 3.088 Ibf-ft 

5.140 

Work as F Ax has units of Ibf-ft, what is that in Btu? 

Look in Table A.l for the conversion factors under energy 

1 Ibf-ft = 1.28507 X 10-3 Btu 


5.141 


A 2500 Ibm ear is aeeelerated from 25 mi/h to 40 mi/h. How mueh work is that? 


The work input is the inerease in kinetie energy. 

E2-Ei = (l/2)m[V2-Vi]= 1 W 2 


= 0.5 X 2500 Ibm [40^ - 25^] 




h 


= 1250 [ 1600-625 ] Ibm 


V y 

^or^o.1 ^A2 


1609.3 X 3.28084 ft 


V 


3600 s 


1 Ibf 


j 


32.174 Ibm ft/s^ 


= 2 621 523 Ibf-ft = 3369 Btu 
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5.142 


A crane use 7000 Btu/h to raise a 200 Ibm box 60 ft. How much time does it take? 


L 


Power = W = FV = mgV = mg“ 

32 174 

F = mg = 200 22 ^74 Ibf = 200 Ibf 


FL 200 Ibf X 60 ft 
^ 7000 Btu/h 

= 7.9s 


200 X 60 X 3600 
7000 x 778.17 ^ 



Recall Eq. on page 20; 1 Ibf = 32.174 Ibm ft/s^, 1 Btu = 778.17 Ibf-ft (A.l) 
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5.143 

I have 4 Ibm of liquid water at 70 F, 15 psia. I now add 20 Btu of energy at a 
eonstant pressure. How hot does it get if it is heated? How fast does it move if it 
is pushed by a eonstant horizontal force? How high does it go if it is raised 
straight up? 


a) Heat at 100 kPa. 

Energy equation; 

E 2 - El = 1 Q 2 - 1 W 2 = 1 Q 2 - P(V 2 - Vi) = H 2 - Hi= m(h 2 - hi) 
h 2 = hi + iQ 2 /ni = 38.09 + 20/4 = 43.09 Btu/lbm 
Back interpolate in Table F.7.1; T 2 = 75 F 
(We could also have used AT = iQ 2 /mC = 20 / (4x1.00) = 5 F) 

b) Push at constant P. It gains kinetic energy. 


0.5 rn V 2 = 1 W 2 

V 2 = y/2 iW 2 /m = V 2 X 20 X 778.17 lbf-ft/4 ibm 

= ^2 X 20 X 778.17 x 32.174 lbm-(ft/s)2 /4 ibm = 500 ft/s 

c) Raised in gravitational field 

m g Z 2 = 1 W 2 


20 X 778.17 Ibf-ft 


Z 2 = iW2/mg = 717-TTT^TrivTTx 32.174 

^ ^ ^ ^ 4 ibm X 32.174 ft/s2 


Ibm-ft/s^ 

Ibf 


= 3891 ft 
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5.144 

Air is heated from 540 R to 640 R at V = C. Find iq 2 ? What if from 2400 to 
2500 R? 

Process: V = C 1 W 2 = 0 

Energy Eq.: U 2 -ui = iq2-0 ^ iq 2 = U 2 -ui 

Read the u-values from Table E.5 

a) iq 2 = ^2 - uj = 109.34 - 92.16 = 17,18 Btu/lbm 

b) iq 2 = U 2 - ui = 474.33 - 452.64 = 21.7 Btu/lbm 
case a) « 17.18/100 = 0.172 Btu/lbm R, see E.4 

case b) ~ 21.7/100 = 0.217 Btu/lbm R (26 % higher) 
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Kinetic and Potential Energy 
5.145 

Airplane takeoff from an aireraft earrier is assisted by a steam driven 
piston/cylin-der with an average pressure of 200 psia. A 38 500 Ibm airplane 
should be accelerated from zero to a speed of 100 ft/s with 30% of the energy 
coming from the steam piston. Find the needed piston displacement volume. 

Solution; C.V. Airplane. 

No change in internal or potential energy; only kinetic energy is changed. 

E 2 - El = m (1/2) - 0) = 38 500 Ibm x (1/2) x lOO^ (ft/s)^ 

= 192 500 000 lbm-(ft/s)2 = 5 983 092 Ibf-ft 

The work supplied by the piston is 30% of the energy increase. 


W = j P dV = Pavg AV = 0.30 (E2 - El) 

= 0.30 X 5 983 092 Ibf-ft = 1 794 928 Ibf-ft 



1 794 928 
200 


Ibf-ft 
144 Ibf/ft^ 


= 62.3 ft^ 
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5.146 

A hydraulic hoist raises a 3650 Ibm car 6 ft in an auto repair shop. The hydraulic 
pump has a constant pressure of 100 lbf/in.2 on its piston. What is the increase in 
potential energy of the car and how much volume should the pump displace to 
deliver that amount of work? 

Solution; C.V. Car. 


No change in kinetic or internal energy of the car, neglect hoist mass. 


E 2 - El = PE 2 - PEi = mg (Z 2 - Zi) = 


3650x32.174x6 

32.174 


= 21 900 Ibf-ft 


The increase in potential energy is work into car 
from pump at constant P. 


W = E2 - El = ! P dV = P AV 



21 900 
100 X 144 


= 1.52 ft3 
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5.147 

A piston motion moves a 50 Ibm hammerhead vertically down 3 ft from rest to a 
velocity of 150 ft/s in a stamping machine. What is the change in total energy of 
the hammerhead? 

Solution; C.V. Hammerhead 

The hammerhead does not change internal energy i.e. same P,T 

1 2 

E 2 - El = m(u 2 - ui) + m( 2 V 2 - 0) + mg (h 2 - 0) 

= 0 + [ 50 X (1/2) x 1502 + 50 X 32.174 x (-3)] / 32.174 
= [562500 - 4826J/32.174 = 17 333 Ibf-ft 
17 333 

= ( 2 yg ) Btu = 22,28 Btu 
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Properties General Tables 
5.148 

Find the missing properties and give the phase of the substanee. 

a. H 2 O u = 1000 Btu/lbm, r=270F h = l v = l x = ? 

b. H 2 O n = 450 Btu/lbm, P= 1500 lbf/in2 T=1 x = l v = l 

e. R-22 r=30F,P = 75 lbf/in2 h = l x = 7 

Solution; 

a) Table F.7.1: Uf < u < Ug => 2-phase mixture of liquid and vapor 

X = (u - Uf)/ Ufg = (1000 - 238.81)/854.14 = 0.8912 

V = Vf + X Vfg = 0.01717 + 0.8912 x 10.0483 = 8.972 ft^/lbm 
h = hf + X hfg = 238.95 + 0.8912 x 931.95 = 1069.5 Btu/lbm 

( = 1000 + 41.848 X 8.972 x 144/778) 

b) Table F.7.1: u<Uf so eompressed liquid B.1.3, x = undefined 

T = 471.8 F, V = 0.019689 ft^/lbm 

e) Table F.9.1; P > Psat => x = undef, compr. liquid 

Approximate as saturated liquid at same T, h = hf = 18.61 Btu/lbm 
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5.149 

Find the missing properties among {P, T, v, u, h) together with x, if applieable, 
and give the phase of the substanee. 

a. R-22 r= 50 F, u = 85 Btu/lbm 

b. H 2 O r=600F, 1322 Btu/lbm 

c. R-22 P = 150 lbf/in.2, /? = 115.5 Btu/lbm 

Solution; 

a) Table F.9.1; u<Ug => L+V mixture, P = 98,727 Ibf/in^ 

X = (85 - 24.04)/ 74.75 = 0.8155 

V = 0.01282 + 0.8155x0.5432 = 0.4558 ft^/lbm 
h = 24.27 + 0.8155x84.68 = 93.33 Btu/lbm 
b) Table F.7.1; h>hg => superheated vapor follow 600 F in F.7.2 

P = 200 Ibf/in^ ; v = 3,058 ft^/lbm ; u = 1208,9 Btu/lbm 

e) Table F.9.1; h>hg => superheated vapor so in F.9.2 

T = 100 F ; V = 0.3953 ft^/lbm 

u = h-Pv=115.5-150x0.3953x — = 104.5 Btu/lbm 

778 
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5.150 


Find the missing properties and give the phase of the substance. 


a. 

R-134a 

r= 140 F,/z= 185 Btu/lhm v = ?x = ? 

b. 

NH 3 

r= 170 F, P = 60 lbf/in.2 u = l v = ? x = ? 

c. 

R-134a 

r= lOOF, M = 175 Btu/lhm 

Solution: 



a) Table F. 10.1: h>hg => x = undef, superheated vapor F. 10.2, 

find it at given T between saturated 243.9 psi and 200 psi to match h: 

185 183 63 

V = 0.1836 + (0.2459 - 0.1836)x ^35 32 133 53 ^ 0*2104 ft^/lbm 

185- 183.63 2 

P ^ 243.93 + (200 - 243.93)x 135 32.133 63 = *^*'/*" 

b) Table F.8.1: P < Psat ^x = undef, superheated vapor F. 8 .2, 

V = (6.3456 + 6.5694)/ 2 = 6.457 ft^/lhm 

u = h-Pv = (l/2)(694.59 + 705.64) - 60 x 6.4575 x (144/778) 

= 700.115-71.71 = 628.405 Btu/lhm 

c) Table F. 10.1:: u>Ug => sup. vapor, calculate u at some P to end with 

P » 55 Ihf/in^ ; v w 0.999 ft^/lhm; h = 185.2 Btu/lhm 

This is a double linear interpolation 
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Simple Processes 
5.151 

A cylinder fitted with a frictionless piston eontains 4 Ibm of superheated 
refrigerant R-134a vapor at 400 lbf/in.2, 200 F. The cylinder is now cooled so the 
R-134a remains at constant pressure until it reaches a quality of 75%. Calculate 
the heat transfer in the process. 

Solution; 

C.V.; R-134a m 2 = m^ = m; 

Energy Eq.5.11 m(u 2 - u^) = ^Q 2 - ^W 2 

Process: P = const. ^ ^W 2 = /PdV = PAV = P(V 2 - = Pm(v 2 - 



State 1; Table P.10.2 h^ = 192.92 Btu/lbm 

State 2: Table P.10.1 h. = 140.62 + 0.75 x 43.74 = 173.425 Btu/lbm 


lQ2 = m(u2-Ui)+iW2 


= m(u2 - u^ + Pm(v2 - v^) = m(h2 - h^ 


= 4 X (173.425 - 192.92) = -77.98 Btu 







Sonntag, Borgnakke and Wylen 


5.152 

Ammonia at 30 F, quality 60% is contained in a rigid tank. The ta nk and 
ammonia are now heated to a final pressure of 150 lbf/in.2. Determine the heat 
transfer for the process. 

Solution: 


C.V.: NH 3 



Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.5.11: m(u 2 - Uj) = jQ 2 - ^W 2 

Process: Constant volume ^ V 2 = & ^W 2 = 0 

State 1: Table F.8.1 two-phase state. 

Vj = 0.02502 + 0.6 X 4.7978 = 2.904 ft^/lbm 
u^ = 75.06 + 0.6 X 491.17 = 369.75 Btu/lbm 
m = V/v^ = 8/2.904 = 2.755 Ibm 


State 2: P 2 , ^2 = ^ T 2 = 258 F 

U 2 = h 2 - P 2 V 2 = 742.03 - 150 x 2.904 x 144/778 = 661.42 Btu/lbm 
1 Q 2 = 2.755 X (661.42 - 369.75) = 803.6 Btu 
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5.153 

Water in a 6-ft3 closed, rigid tank is at 200 F, 90% quality. The tank is then 
cooled to 20 F. Calculate the heat transfer during the process. 

Solution; 

C.V.: Water in tank. m 2 = ; m(u 2 - u^) = 1 Q 2 - 1 W 2 

Process: V = constant, V 2 = Vi, 1 W 2 = 0 

State 1: vi = 0.01663 + 0.9 x 33.6146 = 30.27 ft^/lbm 

ui = 168.03 + 0.9 X 906.15 = 983.6 Btu/lbm 


State 2; T 2 , V 2 = 


mix of sat. solid + vap. Table C.8.4 


V2 = 30.27 = 0.01744 + X2 X 5655 => X 2 = 0.00535 
U 2 =-149.31 + 0.00535 x 1166.5 =-143.07 Btu/lbm 
m = V/vi = 6 / 30.27 = 0.198 Ibm 
1 Q 2 = m(u 2 - ui) = 0.198 (-143.07 - 983.6) = -223 Btu 





V 
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5.154 


A constant pressure piston/cylinder has 2 Ibm water at 1100 F and 2.26 ft . It is 
now cooled to occupy 1/10 of the original volume. Find the heat transfer in the 
process. 


C.V.: Water m., = m, = m; 


Energy Eq.5.11 m(u 2 - u^) = jQ 2 - ^W 2 


Process: P = const. ^ jW 2 = /PdV = PAV = P(V 2 - V^) = Pm(v 2 - v^) 

State 1: Table P.7.2 (T, vj = V/m = 2.26/2 = E13 ft^/lbm) 

Pj = 800 psia, hj = 1567.81 Btu/lbm 

State 2: Table P.7.2 (P, V 2 = v^/lO = 0.113 ft^/lbm) two-phase state 

X2 = (V2-Vf)/vfg = (0.113 - 0.02087)/0.5488 = 0.1679 
h 2 = hf + X 2 hfg = 509.63 + X 2 689.62 = 625.42 Btu/lbm 



Z, i 1 Z, Z, 1 

= 2 (625.42 - 1567.81) = -1884.8 Btu 


/ - 



V 
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5,155 A piston/cylinder arrangement has the piston loaded with outside atmospherie 

pressure and the piston mass to a pressure of 20 lbf/in.2, shown in Fig P5.50. It 
eontains water at 25 F, whieh is then heated until the water beeomes saturated 
vapor. Find the final temperature and speeifie work and heat transfer for the 
process. 

Solution; 

C.V. Water in the piston cylinder. 

Continuity: m 2 = mp Energy: U 2 - u^ = ^^ 2 ' 1^2 

2 

Process: P = const. = Pp => jW 2 = J* P dv = P^(v 2 - 

1 

State 1; , P^ => Table F.7.4 compressed solid, take as saturated solid. 

= 0.01746 ft^/lbm, u^ = -146.84 Btu/lbm 

State2:x=l, P 2 = P^ = 20psia due to process => Table F.7.1 

V2 = Vg(P2) = 20.09 ft^/lbm, T2 = 228 F ; U2 = 1082 Btu/lbm 
jW 2 = P^(V 2 -v^ = 20(20.09 - 0.01746) x 144/778 = 74,3 Btu/lbm 
=U2 - + ^^2 = 1082 - (-146.84) + 74.3 = 1303 Btu/lbm 




V 
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5.156 

A water-filled reactor with volume of 50 ft^ is at 2000 lbf/in.2, 560 F and placed 
inside a containment room, as shown in Fig. P5.48. The room is well insulated 
and initially evacuated. Due to a failure, the reactor ruptures and the water fills 
the containment room. Find the minimum room volume so the final pressure does 
not exceed 30 lbf/in.2. 

C.V.; Containment room and reactor. 

Mass: m 2 = m^ = Vj-eactor/'^l ^ 50/0.02172 = 2295.7 Ibm 

Energym(u 2 - u^) = 1 Q 2 - 1 W 2 = 0 ^ U 2 = u^ = 552.5 Btu/lbm 

State 2: 30 lbf/in.2, U 2 <ug ^ 2 phase Table F.7.1 


u = 552.5 = 218.48 + X 2 869.41 


X2 = 0.3842 


V 2 = 0.017 + 0.3842 x 13.808 = 5.322 ft^/lbm 
V 2 = mv2 = 2295.7 x 5.322 = 12218 ft^ 


2000 


30 




200 kPa 



V 
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5.157 

A piston/cylinder contains 2 Ibm of liquid water at 70 F, and 30 lbf/in.2. There is 
a linear spring mounted on the piston such that when the water is heated the 
pressure reaches 300 Ibf/in.2 with a volume of 4 ft^. Find the final temperature 
and plot the P-v diagram for the process. Calculate the work and the heat transfer 
for the process. 

Solution; 

Take CV as the water. 

m2 = mi = m; m(u2 - ui) = 1 Q 2 - 1 W 2 

State 1: Compressed liquid, take saturated liquid at same temperature. 

Yl = Vf(20) = 0.01605 ft^/lbm, u^ = Uf = 38.09 Btu/lbm 

State 2: V 2 = V 2 /m = 4/2 = 2 ft^/lbm and P = 300 psia 

=> Superheated vapor T 2 = 600 F ; U 2 = 1203.2 Btu/lbm 
Work is done while piston moves at linearly varying pressure, so we get 

lW2 = !PdV = area = Pavg (V 2 -V 1 ) 

= 0.5x(30+3000)(4 - 0.0321) ^ = 121.18 Btu 

Heat transfer is found from the energy equation 

lQ 2 = m(u 2 -ui)+ iW 2 = 2 X (1203.2-38.09)+ 121.18 = 2451.4 Btu 
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Multistep and Review Problems 
5.158 

A twenty pound-mass of water in a piston/cyUnder with constant pressure is at 
1100 F and a volume of 22.6 ft^. It is now cooled to 100 F. Show the P-v diagram 
and find the work and heat transfer for the process. 

Solution; 

C.V. Water 

Energy Eq.: 1 Q 2 = m(u 2 -ui) + 1 W 2 = m(h 2 - hi) 

Process Eq.: Constant pressure ^ 1 W 2 = niP(v 2 - vi) 

Properties from Table P.7.2 and P.7.3 

State l;Ti, vj = 22.6/20 = E13 ft^/lbm, Pj = 800 Ibf/in^ , hi = 1567.8 

State 2: 800 Ibf/in^, 100 F 

^ V 2 = 0.016092 ft^/lbm, h 2 = 70.15 Btu/lbm 



1 W 2 = 20 X 800 x(0.016092 - 1.13) x 144/778 = -3299 Btu 
1 Q 2 = 20 x(70.15 - 1567.8) = -29 953 Btu 
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5.159 

A vertical cylinder fitted with a piston contains 10 Ibm of R-22 at 50 F, shown in 
Fig. P5.64. Heat is transferred to the system causing the piston to rise until it 
reaches a set of stops at which point the volume has doubled. Additional heat is 
transferred until the temperature inside reaches 120 F, at which point the pressure 
inside the cylinder is 200 Ibfiin.^. 

a. What is the quality at the initial state? 

b. Calculate the heat transfer for the overall process. 

Solution; 

C.V. R-22. Control mass goes through process: 1 -> 2 -> 3 

As piston floats pressure is constant (1 -> 2) and the volume is constant for 
the second part (2 -> 3). So we have: v^ = V 2 = 2 x v^ 

State 3; Table F.9.2 (P,T) V 3 = 0.2959 ft3/kg, 

U 3 = h-Pv= 117.0-200x0.2959x144/778= 106.1 Btu/lbm 



So we can determine state 1 and 2 Table F.9.1; 

vi =0.14795 = 0.01282+ xi(0.5432) => xj = 0.249 

ui = 24.04 + 0.249x74.75 = 42.6 Btu/lbm 

State 2: V 2 = 0.2959 ft^/lbm, P 2 = Pi = 98.7 psia, this is still 2-phase. 

2 

lW 3 = iW 2 = /PdV = Pi(V 2 -Vi) 

1 

= 98.7 X 10(0.295948 - 0.147974) x 144/778 = 27.0 Btu 
1 Q 3 = m(u 3 - ui) + 1 W 3 = 10(106.1 - 42.6) + 27.0 = 662 Btu 
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5.160 

A piston/cylinder contains 2 Ibm of water at 70 F with a volume of 0.1 ft^, shown 
in Fig. P5.129. Initially the piston rests on some stops with the top surface open to 
the atmosphere, Po, so a pressure of 40 lbf/in.2 is required to lift it. To what 
temperature should the water be heated to lift the piston? If it is heated to 
saturated vapor find the final temperature, volume, and the heat transfer. 

Solution; 

C.V. Water. This is a control mass. 

m 2 = mi = m ; m(u 2 - ui) = 1 Q 2 - 1 W 2 


State 1; 20 C, vi = V/m = 0.1/2 = 0.05 ft3/lbm 

X = (0.05 - 0.01605)/867.579 = 0.0003913 
ui = 38.09 + 0.0003913x995.64 = 38.13 Btu/lbm 

To find state 2 check on state la: 

P = 40 psia, V = Vi = 0.05 ft^/lbm 



Table F.7.1: Vf < v < Vg = 10.501 

State 2 is saturated vapor at 40 psia as state la is two-phase. T 2 = 267.3 F 


V 2 = vg = 10.501 ft^/lbm , V 2 = m V 2 = 21.0 fP, U 2 = ug= 1092.27 Btu/lbm 
Pressure is constant as volume increase beyond initial volume. 


1 




0.1) X 144/778 = 154.75 Btu 


lQ 2 = m(u 2 -ui)+ 1 W 2 = 2 (1092.27-38.13)+ 154.75 = 2263 Btu 
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5.161 

Two ta nk s are connected by a valve and line as shown in Fig. P5.62. The volumes 
are both 35 ft^ with R-134a at 70 F, quality 25% in A and tank B is evacuated. 
The valve is opened and saturated vapor flows from A into B until the pressures 
become equal. The process occurs slowly enough that all temperatures stay at 70 
F during the process. Find the total heat transfer to the R-134a during the process. 

C.V.: A + B 


State 1 A; Table F.10.1, u^i = 98.27 + 0.25x69.31 = 115.6 Btu/lbm 

VAi = 0.01313 + 0.25x0.5451 = 0.1494 ft^/lbm 
=> m^i = V^/vai = 234.3 Ibm 

Process: Constant T and total volume, m 2 = m^i ; V 2 = + Vg = 70 ft 

State 2: T 2 , V 2 = V 2 /m 2 = 70/234.3 = 0.2988 ft^/lbm => 

X2 = (0.2988 - 0.01313)/0.5451 = 0.524 ; 

U 2 = 98.27 + 0.524*69.31 = 134.6 Btu/lbm 

The energy equation gives the heat transfer 

1 Q 2 = '^ 2^2 - + 1 W 2 = ni 2 (U 2 - Uai) 

= 234.3 X (134.6 - 115.6) = 4452 Btu 
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5.162 


Ammonia, NH 3 , is contained in a sealed rigid tank at 30 F, x = 50% and is then 
heated to 200 F. Find the final state P 2 , U 2 and the specific work and heat transfer. 

Solution; 

Continuity Eq.: m 2 = m^ ; 

Energy Eq.5.11: E 2 - E^ = 1 Q 2 ; ( 1 W 2 = 0) 


Process: V 2 = Vj ^ 
State 1; Table F.8.1, 
Table F.8.2: V 2 & 


V 2 = vi = 0.02502 + 0.5 x 4.7945 = 2.422 ft^/lbm 
ui = 75.06 + 0.5 X 491.17 = 320.65 Btu/lbm 
T 2 ^ between 150psia andl75psia 



P 2 = 163 Ibf/in^, h 2 = 706.6 Btu/lbm 
linear interpolation 

U 2 = h 2 -P 2 V 2 = 706.6 - 163x 2.422x144/778 
= 633.5 Btu/lbm 


Proeess equation gives no displaeement: 1 W 2 = 0 ; 

The energy equation then gives the heat transfer as 

i92 = U 2 - ui = 633.5 - 320.65 = 312,85 Btu/lbm 
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5.163 

Water at 70 F, 15 lbf/in.2, is brought to 30 lbf/in.2, 2700 F. Find the change in the 
specific internal energy, using the water table and the ideal gas water table in 
combination. 

State 1; Table F.7.1 u^ = uf = 38.09 Btu/lbm 

State 2: Highest T in Table F.7.2 is 1400 F 

Using a Au from the ideal gas table F. 6 , we get 

^2700 ■ ^2000 ^ 26002 - 11769 = 14233 Btu/lbmol= 790 Btu/lbm 

U2700 ■ ^1400 ~ Ah- R(2700 - 1400) = 790 - 53.34 x yyg = 700.9 

Since ideal gas change is at low P we use 1400 F, lowest P available 1 Ibf/in 
from steam tables, F.7.2, Ux = 1543.1 Btu/lbm as the reference. 

U 2 - ui = (U 2 - Ux)id.g. + K - ui) 

= 700.9 + 1543.1 - 38.09 = 2206 Btu/lbm 
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Solids and Liquids 
5.164 

A car with mass 3250 Ibm drives with 60 mi/h when the brakes are applied to 
quickly decrease its speed to 20 mi/h. Assume the brake pads are 1 Ibm mass with 
heat capacity of 0.2 Btu/lbm R and the brake discs/drums are 8 Ibm steel where 
both masses are heated uniformly. Find the temperature increase in the brake 
assembly. 

C.V. Car. Car looses kinetie energy and brake system gains internal u. 

No heat transfer (short time) and no work term. 

1 2 2 

m = constant; E 2 - Ei = 0 - 0 = m^ar 2(^2 - V^) + mbrake(u2 “ ^i) 

The brake system mass is two different kinds so split it, also use C^ since we do 
not have a u table for steel or brake pad material. 

1 2 2 

^steel ^ ^pad ~ ^car 2(^2 ~ ^ 1 ^ 

(8x0.11 + 1x0.2) AT = 3250 x0.5x3200x 1.466672 /(32.174x778) = 446.9 Btu 

=> AT = 414 F 
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5.165 

A 2 Ibm steel pot eontains 2 Ibm liquid water at 60 F. It is now put on the stove 
where it is heated to the boiling point of the water. Neglect any air being heated 
and find the total amount of energy needed. 

Solution; 

Energy Eq.; U 2 - Ui= 1 Q 2 - 1 W 2 

The steel does not change volume and 
the change for the liquid is minimal, so i 

W2 = 0. 


State 2: T 2 = (latm) = 212 F 

Tbl F.7.1 :ui =28.1 Btu/lbm, U 2 = 180.1 Btu/lbm 
Tbl F.2 : Cst = 0.11 Btu/lbm R 
Solve for the heat transfer from the energy equation 

1 Q 2 = U 2 - Ui = m^t (U 2 - Ui)st + mH 20 (^2 - Ui)h 20 

= I^stCst (T 2 - Ti) + mH20 (^2 - Ui)h20 




= 2 Ibm X 0.11 X (212 - 60) R + 2 Ibm x(180.1 
= 33.4 + 304 = 337.4 Btu 



Btu 

Ibm 
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5.166 

A copper block of volume 60 in.3 is heat treated at 900 F and now cooled in a 3- 
ft3 oil bath initially at 70 F. Assuming no heat transfer with the surroundings, 
what is the final temperature? 

C.V. Copper block and the oil bath. 

mmet(u2 - ui)met + moil(u2 - ui)oil = 1 Q 2 - 1 W 2 = 0 
solid and liquid Au = CyAT 

'^metCvmet(T2 ■ Ti^met) + '^oilCVoil(T2 ‘ Ti^oil) “ 0 

mmet = Vp = 60x12'^ x 555 = 19.271 Ibm 
mQp = Vp = 3.5 X 57 = 199.5 Ibm 

Energy equation becomes 

19.271 X 0.092(12 -900) + 199.5 x 0.43(72 -70) = 0 

^ To = 86.8 F 
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5.167 

An engine consists of a 200 Ibm cast iron block with a 40 Ibm aluminum head, 40 
Ibm steel parts, 10 Ibm engine oil and 12 Ibm glycerine (antifreeze). Everything 
begins at 40 F and as the engine starts, it absorbs a net of 7000 Btu before it 
reaches a steady uniform temperature. We want to know how hot it becomes. 

Energy Eq.: U 2 - Ui= 1 Q 2 - 1 W 2 

Process: The steel does not change volume and the change for the liquid is 

minimal, so 1 W 2 = 0 . 

So sum over the various parts of the left hand side in the energy equation 


mpe (U 2 - ui) + m^i (U 2 - ui)ai + m^t (u - Ui)st 

+ moil (U2 - ui)oii + mgiy (u2 - ui)giy = 1 Q 2 

Tbl F.2 : Cpe = 0.1 , C^i = 0.215, = 0.11 all units of Btu/lbm R 

Tbl F.3 : Coil = 0.46 , Cgjy = 0.58 all units of Btu/lbm R 

So now we factor out T 2 -T^ as U 2 - u^ = C(T 2 -T^) for each term 

[ mpgCpg + mAiCAi + m5^Cg(+ rngj^CgH + mgjyCgjy ] (T 2 — ]^Q2 

T2 -Ti = 1Q2 / Zm; Ci 

^_7000_ 

“ 200x 0.1 + 40x 0.215 + 40x 0.11 + 10 xO.46 + 12 xO.58 

44.56 

T 2 = Ti + 157 = 40 + 157 = 197 F 


Air intake filter Fan Radiator 
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Ideal Gas 


5.168 

A cylinder with a piston restrained by a linear spring contains 4 Ibm of carbon 
dioxide at 70 lbf/in.2, 750 F. It is eooled to 75 F, at whieh point the pressure is 45 
lbi7in.2. Calculate the heat transfer for the process. 


Solution; 

C.V. The carbon dioxide, which is a control mass. 

Continuity Eq.; m 2 - = 0 

Energy Eq.: m (u 2 - ui) = 1 Q 2 - 1 W 2 

Proeess Eq.: P = A + BV (linear spring) 1 W 2 = /PdV = ^(Pj + P 2 )(V 2 - V^) 


Equation of state: 


PV = mRT (ideal gas) 


State 


__ 4 x 35.1 X (750+ 460) _ „ 

1; Vi=mRTi/Pi=- \ 16.85 fC 

^ ^ ^ 70 X 144 


4 X 35.1 X (75 + 460) 

State 2: V 2 = mRT 2 /P 2 = at aaa =11.59fr 

^ ^ ^ 45 X 144 


1 


1 W 2 = f(70 + 45)(11.59 - 16.85) x 144/778 = -55.98 Btu 
To evaluate U 2 - u^ we will use the specifie heat at the average temperature. 


Prom Table P.6: 


C^^(T,,A = 


Ah 1 6927-0 10.45 


pov-avgv M 1200-537 44.01 


= 0.2347 Btu/lbm R 


^ Cy = Cp - R = 0.2375 - 35.10/778 = 0.1924 Btu/lbm R 
Por eomparison the value from Table P.4 at 77 P is Cyo = 0.156 Btu/lbm R 

1Q2 ^ ^^(^2 ■ ^1) + 1^2 = inCvo(T2 ■ Ti) + 1W2 

= 4x 0.1924(75 - 750) - 55.98 = -575.46 Btu 
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5.169 

An insulated cylinder is divided into two parts of 10 ft^ each by an initially locked 
piston. Side A has air at 2 atm, 600 R and side B has air at 10 atm, 2000 R as 
shown in Fig. P5.95. The piston is now unlocked so it is free to move, and it 
conducts heat so the air comes to a uniform temperature Tp^ = 7g. Find the mass 
in both A and B and also the final T and P. 


C.V. A + B . Then 1 Q 2 = 0, 1 W 2 = 0 . 

Force balance on piston: P^A = PgA , so final state in A and B is the same. 


PV 29.4x10x144 


State lA: u^^ = 102.457 ; m^ = ^ = 53 34x600 ^ 1'323 Ibm 


State IB: ug^ = 367.642 ; 


mB = 


Py__ 147x10x144 
53.34x2000 


= 1.984 Ibm 


^a(P2 - Ui)a + mB(U2 - Ui)b = 0 

(m^ + mB)u2 = m^UAi + mBUgi 


= 1.323 X 102.457 + 1.984 x 367.642 = 864.95 Btu 


U 2 = 864.95/3.307 = 261.55 


T 2 = 1475 R 


3.307 X 53.34 x 1475 7 

P = mtotRTjA'tor--= 90.34 Ibf/in^ 
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5.170 

A 65 gallons rigid tank contains methane gas at 900 R, 200 psia. It is now cooled 
down to 540 R. Assume ideal gas and find the needed heat transfer. 


Solution: 

'I 

Ideal gas and recall from Table A. 1 that 1 gal = 231 in , 


200 X 65 X 231 

m = PiV/RTi = 95 35 x 900 x 12 ^ 2.886 Ibm 


Proeess: 


V = constant = V j 


=> 


lW2 = 0 


Use specific heat from Table F.4 


U 2 - ui = Cy (T 2 - Ti) = 0.415 (900 - 540) = -149.4 Btu/lbm 


Energy Equation 

1 Q 2 = m(u 2 - ui) = 2.886 (-149.4) = -431.2 Btu 
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Air in a piston/cylinder at 30 lbf/in.2, 1080 R, is shown in Fig. P5.69. It is 
expanded in a constant-pressure process to twice the initial volume (state 2). The 
piston is then locked with a pin, and heat is transferred to a final temperature of 
1080 R. Find P, T, and h for states 2 and 3, and find the work and heat transfer in 
both processes. 

C.V. Air. Control mass m 2 = m 3 = m^ 

1^2: U 2 -ui = iq 2 - 1 W 2 ; 1 W 2 =/Pdv = Pi(v 2 -vi) = R(T 2 -Ti) 

Ideal gas Pv = RT ^ T 2 = T 1 V 2 /V 1 = 2Ti = 2160 R 

P 2 = Pi = 30 Ibf/in^ , h 2 = 549.357 1 W 2 = RTi = 74.05 Btu/lbm 
Table F.5 62 = 549.357 Btu/lbm, h 3 = hj = 261.099 Btu/lbm 

i92 = U 2 - Ui + 1 W 2 = h 2 - hi = 549.357 - 261.099 = 288.26 Btu/lbm 

2^3: V 3 = V 2 = 2 vi ^ 2’'''3 ^ 0 ’ 

P 3 = P 2 T 3 /T 2 = Pi/2 = 15 Ibf/in^ 

2 q 3 = U 3 - U 2 = 187.058 - 401.276 = -214.2 Btu/lbm 
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5.172 


A 30-ft high cylinder, cross-sectional area 1 ft^, has a massless piston at the 
bottom with water at 70 F on top of it, as shown in Fig. P5.93. Air at 540 R, 
volume 10 ft^ under the piston is heated so that the piston moves up, spilling the 
water out over the side. Find the total heat transfer to the air when all the water 
has been pushed out. 

Solution 



The water on top is compressed liquid and has mass 

Vh20 = Vtot - Vair = 30 x 1 - 10 = 20 ft^ 
^H20 ~ ^H20^'^f ~ 20/0.016051 = 1246 Ibm 


S_ 


Initial air pressure is: Pj = Pq + mH2og/A ^ 14.7 + ^ ^ ^44 = 23.353 psia 


and then mt,,v = 


PV 23.353 X 10 X 144 


air RT 


53.34 X 540 


= 1.1675 Ibm 


State 2: P 2 = Po = 14.7 Ibf/in^, V 2 = 30 x 1 = 30 

lW2 = /PdV = |(Pi+P2)(V2-Vi) 

= I (23.353 + 14.7)(30 - 10)x 144 / 778 = 70.43 Btu 


State 2: P 2 , V 2 


T 1 P 2 V 2 540x14.7x30 .. 

T2= .. .. = = 1019.7 R 


PlVi 


23.353x10 


1 Q 2 = m(u2 - ui) + 1 W 2 = 1.1675 X 0.171 (1019.7 - 540) + 70.43 

= 166,2 Btu 
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Polytropic Process 


5.173 

An air pistol contains compressed air in a small cylinder, as shown in Fig. P5.112. 
Assume that the volume is 1 in.3, pressure is 10 atm, and the temperature is 80 F 
when armed. A bullet, m = 0.04 Ibm, acts as a piston initially held by a pin 
(trigger); when released, the air expands in an isothermal process {T = constant). 
If the air pressure is 1 atm in the cylinder as the bullet leaves the gun, find 

a. The final volume and the mass of air. 

b. The work done by the air and work done on the atmosphere, 

e. The work to the bullet and the bullet exit velocity. 

C.V. Air. Air ideal gas: 


mair = PlVi/RTi = 


Process: PV = const = P^V 


10 X 14.7 X 1 


53.34 X 539.67 X 12 


= 4,26x10'^ 


l=P2V2^V2 = ViPi/P2 = 10in 


Ibm 

3 


1 W 2 = /PdV = PiVi / (W) dv = PiVi ln( V 2 A/ 1 ) = 0.0362 Btu 


iW2,atm = Po(V 2 - Vi) = 0.0142 Btu 

^bullet “ 1^2 - iW2^atm “ 0.022 Btu = ^ i^bullet(^ex)^ 

Vex =(2Wbullet/mB)^^^= (2x0.022x778x32.174 / 0.04)^^^= 165.9 ft/s 
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5.174 

A piston/cyUnder in a car contains 12 in.3 of air at 13 lbf/in.2, 68 F, shown in Fig. 
P5.66. The air is compressed in a quasi-equilibrium polytropic process with 
polytropic exponent n = 1.25 to a final volume six times smaller. Determine the 
final pressure, temperature, and the heat transfer for the process. 

C.V. Air. This is a control mass going through a polytropic process. 

Cont.: m 2 = m^ ; Energy: E 2 - E^ = m(u 2 - u^) = 1 Q 2 - 1 W 2 


n _ 


Process: Pv = const.; 


Ideal gas: Pv = RT 


Pivi"" = P2V2'' 


Po = P 


1 


V 


n 


= 13 X (6)^-^^ = 122.08 IbW 


T 2 = Ti(P 2 V 2 /PiVi) = 527.67(122.08/13 x 6) = 825.9 R 



V 



V 


PV 13x12x12-1 ..4„ 

1W2 = /Pdv = Y^(P2V2 - Pivi) = Y^(T2 - Ti) 


/ 


= 53.34 


825.9 - 527.67 




1,(1 - 1.25) X 778 


= -81.79 Btu/lbm 


/ 


i92 = U 2 - ui + 1 W 2 = 141.64 - 90.05 - 81.79 = -30.2 Btu/lbm 


1 Q 2 = m iq 2 = 4.619x10-"! x (-30.2)= -0.0139 Btu 
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5.175 

Oxygen at 50 lbf/in.2, 200 F is in a piston/cylinder arrangement with a volume of 
4 ft3. It is now compressed in a polytropic process with exponent, n = 1.2, to a 
final temperature of 400 F. Calculate the heat transfer for the process. 

Continuity; m 2 = m^ ; Energy: E 2 - E^ = m(u 2 - u^) = 1 Q 2 - 1 W 2 


State 1; T, P and ideal gas, small change in T, so use Table C.4 



PlVi 


m = 


RT 


1 


50 X 4 X 144 

.g = 0.9043 Ibm 

48.28 X 659.67 


Process: PV^ = constant 


1 _ „ mR_ 0.9043 x 48.28 400-200 

1W2 - (P2V2 - PiVi) - (T2 - Ti) - 


1 - 1.2 


X 


778 


= - 56.12 Btu 


1Q2 “ ^^(^2 ■ ^1) + 1^2 = niCy(T2 - Tj) + 1W2 

= 0.9043 X 0.158 (400 - 200) - 56.12 = - 27.54 Btu 




T = C V 




V 


V 
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5.176 

Helium gas expands from 20 psia, 600 R and 9 ft to 15 psia in a polytropic 
process with n = 1.667. How much heat transfer is involved? 


Solution: 

C.V. Helium gas, this is a control mass. 
Energy equation: ni(u 2 - u^) = 1 Q 2 - 1 W 2 


Process equation: 
Ideal gas (F.4): 


n 


n 


n 


PV = constant = PiV^ = P 2 V 2 

20 X 9 X 144 

m = PV/RT = — cf\f\ =0.112 Ibm 

386 X 600 


Solve for the volume at state 2 


V2 = Vi (Pi/P2/^‘^ = 9x 



= 10.696 ft^ 


15 X 10.696 

T 2 = Ti P2V2/(PiVi) = 600 20 x9 = 534.8 R 


Work from Eq.4.4 


lW2 = 


P 2 V 2 -P 1 V 1 15 x 10.696 -20 x9 


3 _ 


1 -n 


1 - 1.667 


psia ft = 29.33 psia ft 


= 4223 Ibf-ft = 5.43 Btu 


Use specific heat from Table F.4 to evaluate U 2 - u^, Cy = 0.744 Btu/lbm R 

lQ2 = m(u2-ui)+ iW2 = mCy (T2-Ti)+ 1 W 2 

= 0.112 X 0.744 X (534.8 - 600) + 5.43 = -0.003 Btu 
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5.177 

A cylinder fitted with a frictionless piston contains R-134a at 100 F, 80% quality, 
at which point the volume is 3 Gal. The external foree on the piston is now varied 
in sueh a manner that the R-134a slowly expands in a polytropic process to 50 
lbl7in.2, 80 F. Caleulate the work and the heat transfer for this proeess. 

Solution: 


C.V. The mass of R-134a. Properties in Table F.10.1 

vi = vf + x^ vfg= 0.01387 + 0.8 x 0.3278 = 0.2761 ft^/lbm 
ui = 108.51 + 0.8 X 62.77 = 158.73 Btu/lbm; Pj = 138.926 psia 


-3 


m = V/vi = 3 X 231 X 12“-^ / 0.2761 = 0.401/ 0.2761 = 1.4525 Ibm 


State 2: 


Process: 


} 

V 2 = 1.0563 ft /Ibm (sup.vap.); 

U 2 = 181.1 -50 xl.0563 x 144/778 = 171.32 Btu/lbm 

. Pi /. V2 , 138.926 1.0563 . 

n = ln~/ln73“ = In——/ In 0.7616 


P 


V 


1 


50 


9.2761 



P2V2-P1V1 

1 -n 


50 x 1.0563 - 138.926 x 0.2761 144 _ 

X 1.4525 X = 16,3 Btu 


1-0.7616 


778 


1 Q 2 = m(u 2 -ui) + 1 W 2 = 1.4525 (171.32 - 158.73) + 16.3 = 34.6 Btu 
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5.178 

A piston cylinder contains argon at 20 lbf/in.2, 60 F, and the volume is 4 ft^. The 
gas is compressed in a polytropic process to 100 lbf/in.2, 550 F. Calculate the 
heat transfer during the process. 

Find the final volume, then knowing Pi, V^, P 2 , V 2 the polytropic exponent can 
be determined. Argon is an ideal monatomic gas (Cv is constant). 


V 2 = Vi = (Pi/P 2 )/(T 2 /Ti) = 4 X 


20 1009.67 


X 


100'' 519.67 


= 1.554 ft^ 


Pi / V 2 100 4 

Process: PV‘^ = const. => n = ln^/ln:^ = In / In ^ =1.702 

1 . 


1 


iW2=y:^(P2V2-PiVi) = 


100x1.554 -20x4 144 


1-1.702 


X 


778 


= -19.9 Btu 


m = PV/RT = 20 X 4 X 144 / (38.68 x 519.67) = 0.5731 Ibm 


lQ2 = m(u2-ui)+ iW2 = mCv (T2-Ti)+iW2 


= 0.5731 X 0.0745x(550 -60) - 19.9 = 1.0 Btu 
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Rates of Energy 
5.179 

A small elevator is being designed for a eonstruetion site. It is expeeted to earry 
four 150 Ibm workers to the top of a 300-ft-tall building in less than 2 min. The 
elevator eage will have a counterweight to balance its mass. What is the smallest 
size (power) electric motor that can drive this unit? 


m = 4x150 = 600 Ibm ; 


AZ = 300 ft; 


At = 2 minutes 


g^ 600 x 32.174 x 300 1 ^ . 

-W-APE-m - 32.174 x 2 x 60 550 “ 


At 
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5.180 

Water is in a piston cylinder maintaining constant P at 330 F, quality 90% with a 

volume of 4 ft . A heater is turned on heating the water with 10 000 Btu/h. What 
is the elapsed time to vaporize all the liquid? 


Solution: 

Control volume water. 

Continuity Eq.: m^^t = constant = my^^pg^ + mjjq 

• • • 

on a rate form: m^Qt = 0 = niy^jp^j. + mjjq ^ 

• • • • • 

Energy equation: U = Q - W = my^jpg^ Ufg = Q - P 


miiq = 


^vapor 


^vapor ^fg 


« 

Rearrange to solve for m 


vapor 


^vapor (^fg 


= m 


vapor 


hfg Q 


Prom table F.7.1 

hfg = 887.5 Bt/lbm, vi = 0.01776 + 0.9 4.2938 = 3.8822 ft^/lbm 
mj = Vi/vi = 4/3.8822 = 1.0303 Ibm, mpq = (l-xi)mi = 0.10303 Ibm 


^vapor 


. 10 000 Btu/h 

887.5 Btu/lbm 


= 11.2676 lbm/h = 0.00313 Ibm/s 


At = mjjq / myjjpQj. = 0.10303 / 0.00313 = 32,9 s 
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5.181 

A computer in a closed room of volume 5000 ft^ dissipates energy at a rate of 10 
hp. The room has 100 Ibm of wood, 50 Ibm of steel and air, with all material at 
540 R, 1 atm. Assuming all the mass heats up uniformly how long time will it 
take to increase the temperature 20 F? 

C.V. Air, wood and steel. m 2 = mi; U 2 - = 1 Q 2 = Q At 

The total volume is nearly all air, but we can find volume of the solids. 

Vwood = m/p = 100/44.9 = 2.23 ft3 ; Vsteel = 50/488 = 0.102 ft3 
Vair = 5000 - 2.23 - 0.102 = 4997.7 ft3 

mair = PV/RT = 14.7x4997.7x144/(53.34x540) = 367.3 Ibm 

We do not have a u table for steel or wood so use heat capacity. 


AU [m^jj. Cy + m^QQjj Cy + m^^ggj Cy ] AT 

= (367.3 X 0.171 + 100 x 0.3 + 50 x 0.11) 20 

= 1256.2 + 600 +110 = 1966 Btu = Q x At = 10 x (550/778) x At 

778 

=> At = [1966/10] = 278 sec = 4,6 minutes 
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5.182 

A closed cylinder is divided into two rooms by a frietionless piston held in plaee 
by a pin, as shown in Fig. P5.138. Room A has 0.3 ft^ air at 14.7 lbf/in.2, 90 F, 
and room B has 10 ft^ saturated water vapor at 90 F. The pin is pulled, releasing 
the piston and both rooms come to equilibrium at 90 F. Considering a eontrol 
mass of the air and water, determine the work done by the system and the heat 
transfer to the eylinder. 


Solution; 

C.V. A + B, control mass of constant total volume. 

Energy equation; mA(u 2 - ui)a + mB(uB 2 - ubi) = 1 Q 2 - 1 W 2 
Proeess equation; V = C ^ 1 W 2 = 0 

T = C ^ (u 2 - ui)a = 0 (ideal gas) 

The pressure on both sides of the piston must be the same at state 2. 
Sinee two-phase; P 2 = Pg H 2 O at 90 F ^ Pa2 ^ Pb2 ^ 4.246 kPa 

Air, I.G.; PaI^aI = I^aRaT = Pa2Va2 = Pg H 2 O at 90 F Va2 



14.7 X 0.3 
0.6988 


= 6.31 ft^ 


Now the water volume is the rest of the total volume 

Vb2 = Vai + Vbi - Va2 = 0.30 + 10 - 6.31 = 3.99 ft^ 



10 

467.7 


= 0.02138 Ibm 


vb 2 = 186.6 ft^/lbm 


186.6 = 0.016099+ XB2 X (467.7-0.016) => xb2 = 0.39895 
ub 2 = 58.07 + 0.39895 x 982.2 = 449.9 Btu/lbm; ubi = 1040.2 
1 Q 2 = mB(uB2 - Ubi) = 0.02138 (449.9 - 1040.2) = -12.6 Btu 
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Concept-study guide problems 


A mass flow rate into a control volume requires a normal velocity component. 
Why? 


The tangential velocity component does not bring any substance across the 
control volume surface as it flows parallel to it, the normal component of velocity 
brings substance in or out of the control volume according to its sign. The normal 
component must be into the control volume to bring mass in, just like when you 
enter a bus (it does not help that you run parallel with the bus side). 



Ynormal 




A temperature difference drives a heat transfer. Does a similar concept apply to rh? 

Yes. A pressure difference drives the flow. The fluid is accelerated in the 
direction of a lower pressure as it is being pushed harder behind it than in front of 
it. This also means a higher pressure in front can decelerate the flow to a lower 
velocity which happens at a stagnation on a wall. 



6.3 

Can a steady state device have boundary work? 

No. Any change in size of the control volume would require either a 
change in mass inside or a change in state inside, neither of which is possible in a 
steady-state process. 
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Can you say something about changes in rii and V through a steady flow device? 

The continuity equation expresses the conservation of mass, so the total 

amount of rii entering must be equal to the total amount leaving. For a single flow 
device the mass flow rate is constant through it, so you have the same mass flow 
rate across any total cross-section of the device from the inlet to the exit. 

The volume flow rate is related to the mass flow rate as 

V = V m 

so it can vary if the state changes (then v changes) for a constant mass flow rate. 

This also means that the velocity can change (influenced by the area as V = VA) 
and the flow can experience an acceleration (like in a nozzle) or a deceleration (as 
in a diffuser). 
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6.5 

How does a nozzle or sprayhead generate kinetic energy? 

By accelerating the fluid from a high pressure 
towards the lower pressure, which is outside the 
nozzle. The higher pressure pushes harder than 
the lower pressure so there is a net force on any 
mass element to accelerate it. 


6.6 

Liquid water at 15®C flows out of a nozzle straight up 15 m. What is nozzle 

12 12 

Energy Eq.6.13: hg^it + 2 Vg^it + gHexit = ^2 + 2 ^2 + gH 2 

If the water can flow 15 m up it has specific potential energy of gH 2 which must 

2 

equal the specific kinetic energy out of the nozzle The water does not 

change P or T so h is the same. 

Vexit/2 = 8(H2 - Hexii) = gH => 

Vgxit = = y /2 X 9.807 X 15 m^/s^ = 17.15 m/s 



6.7 

What is the difference between a nozzle flow and a throttle process? 

In both processes a flow moves from a higher to a lower pressure. In the 
nozzle the pressure drop generates kinetic energy, whereas that does not take 
place in the throttle process. The pressure drop in the throttle is due to a flow 
restriction and represents a loss. 
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If you throttle a saturated liquid what happens to the fluid state? If it is an ideal 
gas? 


The throttle process is approximated as a constant enthalpy process. 
Changing the state from saturated liquid to a lower pressure with the same h gives 
a two-phase state so some of the liquid will vaporize and it becomes colder. 



If the same process happens in an ideal gas then same h gives the same 
temperature (h a function of T only) at the lower pressure. 


6.9 

R-134a at 30®C, 800 kPa is throttled so it becomes cold at -I0®C. What is exit P? 

State I is slightly compressed liquid so 

TableB.5.1: h = hf= 241.79 kJ/kg 

At the lower temperature it becomes two-phase since the throttle flow has 
constant h and at -I0®C: hg = 392.28 kJ/kg 

P = Psat = 210.7 kPa 


6.10 

Air at 500 K, 500 kPa is expanded to 100 kPa in two steady flow cases. Case one 
is a throttle and case two is a turbine. Which has the highest exit T? Why? 

1. Throttle. 

In the throttle flow no work is taken out, no kinetic energy is generated and we 
assume no heat transfer takes place and no potential energy change. The energy 
equation becomes constant h, which gives constant T since it is an ideal gas. 

2. Turbine. 

In the turbine work is taken out on a shaft so the fluid expands and P and T drops. 
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6.11 

A turbine at the bottom of a dam has a flow of liquid water through it. How does 
that produce power? Which terms in the energy equation are important? 


The water at the bottom of the dam in the turbine inlet is at a high 
pressure. It runs through a nozzle generating kinetic energy as the pressure drops. 
This high kinetic energy flow impacts a set of rotating blades or buckets which 
converts the kinetic energy to power on the shaft so the flow leaves at low 
pressure and low velocity. 
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6.12 

A windmill takes a fraction of the wind kinetic energy out as power on a shaft. In 
what manner does the temperature and wind velocity influence the power? Hint: 
write the power as mass flow rate times specific work. 

The work as a fraction f of the flow of kinetic energy becomes 

W= mw = m fIVf^ = pAVin f 5 

so the power is proportional to the velocity cubed. The temperature enters through 
the density, so assuming air as ideal gas 

p = 1/v = P/RT 

and the power is inversely proportional to temperature. 
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6.13 

If you compress air the temperature goes up, why? When the hot air, high P flows 
in long pipes it eventually cools to ambient T. How does that change the flow? 

As the air is compressed, volume deereases so work is done on a mass 
element, its energy and hence temperature goes up. If it flows at nearly 
constant P and cools its density increases (v decreases) so it slows down 

for same mass flow rate ( m = pAV ) and flow area. 


6.14 

In a boiler you vaporize some liquid water at 100 kPa flowing at 1 m/s. What is 
the veloeity of the saturated vapor at 100 kPa if the pipe size is the same? Can the 
flow then be constant P? 

The continuity equation with average values is written 

• • • 

m; = mg = m = pAV = AV/v = AV;/v; = AVg/Vg 

From Table B.1.2 at 100 kPa we get 

Vf= 0.001043 m^/kg; Vg = 1.694 m^/kg 

1 694 

Vg = V; vg/vi = 1 Q QQJQ43 = 1624 m/s 

To accelerate the flow up to that speed you need a large foree ( APA) so a 
large pressure drop is needed. 
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6.15 

A mixing chamber has all flows at the same P, negleeting losses. A heat 
exehanger has separate flows exchanging energy, but they do not mix. Why have 
both kinds? 

You might allow mixing when you can use the resulting output mixture, 
say it is the same substance. You may also allow it if you definitely want the 
outgoing mixture, like water out of a faucet where you mix hot and cold water. 
Even if it is different substances it may be desirable, say you add water to dry air 
to make it more moist, typieal for a winter time air-eonditioning set-up. 


In other eases it is different substanees that flow at different pressures with 
one flow heating or cooling the other flow. This could be hot combustion gases 
heating a flow of water or a primary fluid flow around a nuclear reactor heating a 
transfer fluid flow. Here the fluid being heated should stay pure so it does not 
absorb gases or radioactive particles and becomes contaminated. Even when the 
two flows have the same substanee there may be a reason to keep them at separate 
pressures. 
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6.16 

In a co-flowing (same direction) heat exehanger 1 kg/s air at 500 K flows into one 
channel and 2 kg/s air flows into the neighboring channel at 300 K. If it is 
infinitely long what is the exit temperature? Sketeh the variation of T in the two 
flows. 


• • 


C.V. mixing seetion (no W, Q) 


Continuity Eq.; 


ihj = rh 3 and m 2 = 


Energy Eq.6.I0; 


rii^hj + m2h2 = 01^113 + m2h4 


Same exit T: 


h3 = h4 = [rhihi + m2h2] / [ihi + 1112 ] 


Using eonetant speeific heat 


T, = = 


mi 


rill + rii2 


^2 1 2 

Ti +-T 2 = 3 X 500 + 3 X 300 = 367 K 

ihi + rii2 
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6.17 

Air at 600 K flows with 3 kg/s into a heat exchanger and out at 100°C. How much 
(kg/s) water coming in at 100 kPa, 20®C can the air heat to the boiling point? 

C.V. Total heat exchanger. The flows are not mixed so the two flowrates are 
constant through the device. No external heat transfer and no work. 


Energy Eq.6.10: 


•1 .• 1 _ •1 

^air^air in ' ^water^water in “ ^air^air out 


I ITTtt 


watpr^^watpr out 


^air[^air in “ ^air out] ^water[^water out ^water ini 

Table B.1.2: h^^ter out “heater in ^2675.46- 83.94 = 2591.5 kJ/kg 
Table A.7.1: h^irin - hair out ^ 607.32 - 374.14 = 233.18 kJ/kg 


Solve for the flow rate of water from the energy equation 


hair in " hair out 


^water ^air 


water out " heater in 


. 233.18 , 

^^ 2591.5 0.27 kg/s 



Air 

out 
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6.18 

Steam at 500 kPa, 300®C is used to heat eold water at 15®C to 75®C for domestie 
hot water supply. How mueh steam per kg liquid water is needed if the steam 
should not eondense? 


Solution; 

C.V. Eaeh line separately. No work but there is heat transfer out of the steam flow 
and into the liquid water flow. 

• • • • • 

Water line energy Eq.; mjjqh; + Q = myqhg ^ Q = m[;q(hg - hj) 

Eor the liquid water look in Table B. 1.1 

Ahiiq = hg - hi = 313.91 - 62.98 = 250.93 kJ/kg 

( ^ Cp AT = 4.18 (75 - 15) = 250.8 kJ/kg ) 

Steam line energy has the same heat transfer but it goes out 

• • • • • 

Steam Energy Eq.; nistgamhi = Q + mstgamhe ^ Q = msteam(hi - hg) 

For the steam look in Table B.l .3 at 500 kPa 

Ah^team = - hg = 3064.2 - 2748.67 = 315.53 kJ/kg 


Now the heat transfer for the steam is substituted into the energy equation for the 
water to give 


^steam ^ ^liq ^^liq ^ ^^steam 


250.93 

315.53 


0.795 



Cold water in 
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6.19 

Air at 20 m/s, 260 K, 75 kPa with 5 kg/s flows into a jet engine and it flows out at 
500 m/s, 800 K, 75 kPa. What is the ehange (power) in flow of kinetic energy? 

m AKE = rn ^ (Vg - Vf) 

= 5 kg/s X I (500^ - 20^) (m/sf (kW/W) = 624 kW 



6.20 

An initially empty cylinder is fdled with air from 20®C, 100 kPa until it is full. 
Assuming no heat transfer is the final temperature larger, equal to or smaller than 

20”C? Does the final T depend on the size of the cylinder? 

This is a transient problem with no heat transfer and no work. The balance 
equations for the tank as C.V. become 

Continuity Eq.; m 2 - 0 = mj 

Energy Eq.: ni 2 U 2 - 0 = mjh; + Q - W = mjh; + 0-0 

Final state: U 2 = hj & P 2 = P; 



T 2 >Ti and it does not depend on V 
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6.21 

A cylinder has 0.1 kg air at 25®C, 200 kPa with a 5 kg piston on top. A valve at 
the bottom is opened to let the air out and the piston drops 0.25 m towards the 
bottom. What is the work involved in this proeess? What happens to the energy? 

If we negleet acceleration of piston then P = C = Pequilibrium 

W = P AV 


To get the volume ehange from the height we need the cylinder area. The force 
balanee on the piston gives 


P = Po + 


mpg 

A 


mpg ^ 5x9.807 

^“P-Po“ 100 X 1000 


= 0.000 49 m^ 


AV = - AH = -0.000 49 x 0.25 = -0.000 1225 m^ 

W = P AV = 200 kPa x (-0.000 1225) m^ = -0.0245 kJ 



The air that remains inside has not ehanged 
state and therefore not energy. The work 
leaves as flow work Pv Am. 
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Continuity equation and flow rates 

6.22 

Air at 35°C, 105 kPa, flows in a 100 mm x 150 mm rectangular duct in a heating 

system. The volumetric flow rate is 0.015 m /s. What is the velocity of the air 
flowing in the duct and what is the mass flow rate? 

Solution; 

Assume a constant velocity across the duct area with 

A = 100 X 150 xlO'6 m^ = 0.015 m^ 
and the volumetric flow rate from Eq.6.3, 

V = mv = AV 



0.015 m^/s ^ „ 

-^ = 1,0 m/s 

0.015 nr 


Ideal gas so note: 

RT 


0.287 X 308.2 
105 


= 0.8424 m^/kg 



0.015 

0.8424 


= 0.0178 kg/s 
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6.23 

A boiler receives a constant flow of 5000 kg/h liquid water at 5 MPa, 20°C and it 
heats the flow such that the exit state is 450°C with a pressure of 4.5 MPa. 
Determine the necessary minimum pipe flow area in both the inlet and exit pipe(s) 
if there should be no velocities larger than 20 m/s. 


Solution; 

Mass flow rate from Eq.6.3, both V < 20 m/s 

mi = mg = (AV/v) i = (AV/v) g = 5000 kg/s 
Table B.1.4 Vj = 0.001 m^/kg, 

Table B.1.3 Vg = (0.08003 + 0.00633)/2 = 0.07166 m^/kg, 

• 5000 ^ 1 ■> 

Ai > Vi m/Vi ^ O.OOlx 2 gQQ / 20 = 6.94 x 10'^ nr = 0,69 cm^ 

• 5000 ID D 

Ag > Vg m/Vg = 0.07166 x / 20 = 4.98 x lO'’^ nr = 50 cm^ 



Inlet 

liquid 


e 


Exit 

Superheated vapor 












Sonntag, Borgnakke and van Wylen 


6.24 

An empty bathtub has its drain closed and is being filled with water from the 
faucet at a rate of 10 kg/min. After 10 minutes the drain is opened and 4 kg/min 
flows out and at the same time the inlet flow is reduced to 2 kg/min. Plot the mass 
of the water in the bathtub versus time and determine the time from the very 
beginning when the tub will be empty. 

Solution: 

During the first 10 minutes we have 

dm„y 

= m; = 10 kg/min , Am = m At^ = 10x10 = 100 kg 
So we end up with 100 kg after 10 min. For the remaining period we have 


dm 


cv 


dt 


• • 

= m; - mg= 2 - 4 = -2 kg/min 


Am2 = mnet At2 ^ At2 = 


Am 


= -100/-2 = 50 min. 


’^net 


So it will take an additional 50 min. to empty 


AttQt = Atj + At 2 = 10 + 50 = 60 min. 
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6.25 

Nitrogen gas flowing in a 50-mm diameter pipe at 15°C, 200 kPa, at the rate of 
0.05 kg/s, encounters a partially closed valve. If there is a pressure drop of 30 kPa 
across the valve and essentially no temperature change, what are the velocities 
upstream and downstream of the valve? 

Solution; 


Same inlet and exit area: 


A = |(0.050f = 0.001963 m^ 


Ideal gas: Vj = 


RTi 0.2968 X 288.2 


200 


= 0.4277 mAkg 


From Eq.6.3, 


V: = 


mvi 0.05 X 0.4277 


A 


0.001963 

RT. 


= 10.9 m/s 


Ideal gas: Vg = ^ 


0.2968 x 288.2 „ 

= 0.5032 m'^/kg 



mvg 0.05 X 0.5032 


A 


0.001963 


= 12.8 m/s 
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6.26 

Saturated vapor R-134a leaves the evaporator in a heat pump system at 10°C, 
with a steady mass flow rate of 0.1 kg/s. What is the smallest diameter tubing that 
ean be used at this loeation if the veloeity of the refrigerant is not to exceed 7 
m/s? 

Solution; 

• • 

Mass flow rate Eq.6.3: m = V/v = AV/v 

Exit state Table B.5.1: (T=10°C, x=l) => v = Vg = 0.04945 m^/kg 
The minimum area is associated with the maximum velocity for given m 


Amin 


mvg 0.1 kg/s X 0.04945 m3/kg 


V 


MAX 


7 m/s 


= 0.000706 n? = 


^ 2 
4 ^MIN 


Dmin ^ 0-03 m = 30 mm 



Exit 
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621 

A hot air home heating system takes 0.25 m^/s air at 100 kPa, 17”C into a furnace 

and heats it to 52®C and delivers the flow to a square duct 0.2 m by 0.2 m at 110 
kPa. What is the velocity in the duct? 

Solution; 


* 

The inflate flow is given by a m; 

• • • 

Continuity Eq.; m; = Vj / V; = mg = AgVg/v, 


Ideal gas: v; = 


RTi 0.287 X 290 ^ m 

— = 0.8323 


P; 


1 


100 


kg 


v„ = 


RTg 0.287 X (52 + 273) 


P 


no 


= 0.8479 m-^/ kg 



mi = Vi/vi = 0.25/0.8323 = 0.30 kg/s 

.. • 0.3 X 0.8479 m^/s , 

V. = m yJ a. = —rr-^ = 6,36 m/s 


0.2 X 0.2 


m‘ 
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6.28 

Steam at 3 MPa, 400°C enters a turbine with a volume flow rate of 5 m /s. An 
extraction of 15% of the inlet mass flow rate exits at 600 kPa, 200°C. The rest 
exits the turbine at 20 kPa with a quality of 90%, and a velocity of 20 m/s. 
Determine the volume flow rate of the extraction flow and the diameter of the 
final exit pipe. 

Solution; 

Inlet flow : m; = V/v = 5/0.09936 = 50.32 kg/ s (Table B. 1.3) 

Extraction flow : mg = 0.15 m; = 7.55 kg/s; v = 0.35202 m^/kg 

Vgx = mgV = 7.55 X 0.35202 = 2,658 m^/ s 
Exit flow: rh= 0.85 mj = 42.77 kg/s 

Table B.1.2 v = 0.001017 + 0.9 x 7.64835 = 6.8845 m^/kg 

m = AV/v ^ A = (7r/4) = rh v/V = 42.77 x 6.8845/20 = 14.723 m^ 

=> D = 4.33 m 


Inlet 

flow 
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6.29 


A household fan of diameter 0.75 m takes air in at 98 kPa, 22°C and delivers it at 

105 kPa, 23®C with a velocity of 1.5 m/s. What are the mass flow rate (kg/s), the 

inlet velocity and the outgoing volume flow rate in m /s? 

Solution; 


Continuity Eq. 
Ideal gas 


• • 

m; = mg = AV/ V 

V = RT/P 


Area: A = ^ =^x 0.75^ = 0.442 m^ 


Vg = AVg = 0.442 xl.5 = 0.6627 m^/s 


RTe 0.287 X (23 + 273) . 

-= = 0.8091 m^/kg 


Ve p 


m; = Vg/Vg = 0.6627/0.8091 = 0.819 kg/s 



AVj /vj = mj = AVg / Vg 

V V / ' ^ V 1 ' 0-287 X (22 + 273) , ^ . 

Vi = Vg X (vj / Vg) = Vg X — = 1.5 X —= 1.6 m/s 


Ae 


98 X 0.8091 
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Single flow single deviee proeesses 

Nozzles, diffusers 
6.30 

Nitrogen gas flows into a convergent nozzle at 200 kPa, 400 K and very low 
velocity. It flows out of the nozzle at 100 kPa, 330 K. If the nozzle is insulated 
find the exit velocity. 

Solution; 

C.V. Nozzle steady state one inlet and exit flow, insulated so it is adiabatic. 


Inlet 



Low V 
HiP, A 


Exit 


Hi V 



Low P, A 


Energy Eq.6.13: 


hy + 0 ~^2 2 ^2 


V 2 = 2 (hi - h2 ) = 2 CpN2 (Ti -T 2 ) = 2 X 1.042 (400 - 330) 

= 145.88 kJ/kg= 145 880 J/kg 

^ V 2 = 381,9 m/s 
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6.31 

A nozzle receives 0.1 kg/s steam at 1 MPa, 400*^C with negligible kinetic energy. 

The exit is at 500 kPa, 350*^C and the flow is adiabatic. Find the nozzle exit 
velocity and the exit area. 

Solution; 

Energy Eq.6.13: hi+ ^ + gZ^ = h 2 + ^ V 2 + gZ 2 

Process: Zj = Z 2 

State 1; Vi = 0, Table B.1.3 h^ = 3263.88 kJ/kg 
State 2: Table B.1.3 h 2 = 3167.65 kJ/kg 
Then from the energy equation 

^ V 2 = hi - h2 = 3263.88 - 3167.65 = 96.23 kJ/kg 

V 2 = y2(hi - h 2 ) = V2 X 96.23 x 1000 = 438.7 m/s 
The mass flow rate from Eq.6.3 

m = pAV = AV/v 

A = mv/y = 0.1 X 0.57012 / 438.7 = 0.00013 m^= 1.3 cm^ 


Inlet 



Eow V 
HiP, A 


Exit 


Hi V 



Eow P, A 
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6.32 


Superheated vapor ammonia enters an insulated nozzle at 20°C, 800 kPa, shown 
in Fig. P6.32, with a low velocity and at the steady rate of 0.01 kg/s. The 
ammonia exits at 300 kPa with a velocity of 450 m/s. Determine the temperature 
(or quality, if saturated) and the exit area of the nozzle. 

Solution; 

C.V. Nozzle, steady state, 1 inlet and 1 exit flow, insulated so no heat transfer. 


2 2 

Energy Eq.6.13; q + h; + V-/2 = hg + V /2, 

1 Q 


Process; q = 0, Vj = 0 


Process; 


Table B.2.2; hj = 1464.9 = hg + 450^/(2x1000) ^ hg = 1363.6 kJ/kg 

Table B.2.1; Pg = 300 kPa Sat. state at-9.2°C ; 


hg = 1363.6 = 138.0 + Xg x 1293.8, 


=> Xg = 0,947, Vg = 0.001536 + Xg X 0.4064 = 0.3864 m^/kg 


Ag = ihgVgA/g = 0.01 X 0.3864 / 450 = 8.56 x 10-6 m2 


Hi , 


Lc 


In] 
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6.33 

In a jet engine a flow of air at 1000 K, 200 kPa and 30 m/s enters a nozzle, as 
shown in Fig. P6.33, where the air exits at 850 K, 90 kPa. What is the exit 
velocity assuming no heat loss? 

Solution: 

C.V. nozzle. No work, no heat transfer 
Continuity ihj = ihg = rh 

Energy : m (hj + = rh(hg+ V:N^) 

Due to high T take h from table A.7.1 

y2Vg2 = 1/2 + h; - hg 

= (30)2 + 1046.22 - 877.4 

= 0.45 + 168.82 = 169.27 kJ/kg 

Vg = (2000 X 169.27)1/2 = 58 I .8 m/s 
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6.34 

In a jet engine a flow of air at 1000 K, 200 kPa and 40 m/s enters a nozzle where 
the air exits at 500 m/s, 90 kPa. What is the exit temperature assuming no heat 
loss? 

Solution; 

C.V. nozzle, no work, no heat transfer 
Continuity rhi= ihg = m 

Energy : rh (hj + = rh(hg+ VaVg^) 

Due to the high T we take the h value from Table A.7.1 

hg = h; + 1/2 

= 1046.22 + 0.5 X (402 - 500^) (1/1000) 

= 1046.22 - 124.2 = 922.02 kJ/kg 

Interpolation in Table A.7.1 


Tg = 850 + 50 


922.02 - 877.4 
933.15 - 877.4 


= 890K 



40 m/s 
200 kPa 


500 m/s 
90kPa 
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6.35 


A sluice gate dams water up 5 m. There is a small hole at the bottom of the gate 

so liquid water at 20‘^C eomes out of a 1 cm diameter hole. Neglect any changes 
in internal energy and find the exit veloeity and mass flow rate. 

Solution; 


Energy Eq.6.13: 
Process: 


. 1 w2 , 1 „2 

hi+ 2 + gZi - h2 + 2 V 2 + gZ2 



both at P = 1 atm 
Zj = Z 2 + 5 m 



Water 


k 

5 m 



f 


5V2 = g(Z,-Z2) 

V 2 = ^2g(Zi - Z 2 ) = V 2 X 9.806 X 5 = 9.902 m/s 
m = pAV = AV/v = ^ X (V 2 /V) 

= 5 X (0.01)2 X (9.902 / 0.001002) = 0.776 kg/s 











Sonntag, Borgnakke and van Wylen 


6.36 

A diffuser, shown in Fig. P6.36, has air entering at 100 kPa, 300 K, with a 

velocity of 200 m/s. The inlet cross-sectional area of the diffuser is 100 mm . At 

the exit, the area is 860 mm , and the exit velocity is 20 m/s. Determine the exit 
pressure and temperature of the air. 

Solution; 


Continuity Eq.6.3: m; = AjVi/vi = mg = AgVg/Vg, 

1 2 1 2 

Energy Eq.(per unit mass flow)6.13: hj + 2Vi" = hg + 2Vg" 

hg - h; = ^ x2002/1000 -1 x202/1000 = 19.8 kJ/kg 


Tg = T; + (hg - hi)/Cp = 300 + 19.8/1.004 = 319.72 K 

Now use the continuity equation and the ideal gas law 



^AeVe" 


^AeVg^ 


II 

(D 

> 

A V 

= (RT/Pi) 

A V 

= RTe/Pe 





T 


T 

v-^iy 




N 




A V 

V 



y 19.72' ^ 

I 300 J 


loo X 200^ 
y 860 X 20 y 


= 123.92 kPa 



Hi V 
Low P, A 
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6.37 

A diffuser receives an ideal gas flow at 100 kPa, 300 K with a velocity of 250 m/s 
and the exit velocity is 25 m/s. Determine the exit temperature if the gas is argon, 
helium or nitrogen. 

Solution; 

• • 

C.V. Diffuser: mj = m^ & assume no heat transfer ^ 

Energy Eq.6.13; h^ +1 vf = | vj + hg ^ hg = h^+ | vf - 

he-hi «Cp(Te-Ti) = ^(vf-vJ)= |(2502-252) 

= 30937.5 J/kg = 30.938 kJ/kg 
Specific heats for ideal gases are from table A.5 


Argon 

Cp = 0.52 kJ/kg K; 

_ 30.938 

0.52 

Tg = 359.5 K 

Helium 

Cp = 5.913 kJ/kg K; 

AX 30.938 

5.193 

Tg = 306 K 

Nitrogen 

Cp = 1.042 kJ/kg K; 

_ 30.938 

1.042 

Tg = 330 K 



Hi V 
Eow P, A 
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6.38 

Air flows into a diffuser at 300 m/s, 300 K and 100 kPa. At the exit the velocity is 
very small but the pressure is high. Find the exit temperature assuming zero heat 
transfer. 


Solution; 

Energy Eq.; 
Process: 


hi + 2 Vi + gZi - h2 + 2 V 2 + gZ2 


Z] = Z 2 and 

1 1 lw 2 

h 2 = hi + 2V1 


V2 = 0 



Ti + 2 ^ (^1 ! Cp) 

= 300 +1 X 300^ / (1.004 X 1000) = 344.8K 


I 



Hi V 
Eow P, A 




Exit 


Low V 
Hi P, A 
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The front of a jet engine acts as a diffuser receiving air at 900 km/h, -5°C, 50 kPa, 
bringing it to 80 m/s relative to the engine before entering the compressor. If the 


flow area is reduced to 80% of the inlet area find the temperature and pressure in 
the compressor inlet. 

Solution; 

C.V. Diffuser, Steady state, 1 inlet, 1 exit flow, no q, no w. 

• • 

Continuity Eq.6.3: m^ = m^ = (AV/v) 

Energy Eq.6.12: m(hi+ ^V^) = m(^Vg + he) 



= 28050 J/kg = 28.05 kJ/kg 

AT = 28.05/1.004 = 27.9 ^ Tg = -5 + 27.9 = 22.9°C 


Now use the continuity eq.; 


AiVi/vi = AgVe/ve ^ Ve = Vi ^ 




0.8 X 80 


Ideal gas: Pv = RT => Vg = RTg/Pg = RT [ x 0.256/Pi 
Pe = Pi (Tg/T i)/0.256 = 50 x 296/268 x 0.256 = 215.7 kPa 
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Throttle flow 


6.40 

Helium is throttled from 1.2 MPa, 20°C, to a pressure of 100 kPa. The diameter of 
the exit pipe is so mueh larger than the inlet pipe that the inlet and exit veloeities 
are equal. Find the exit temperature of the helium and the ratio of the pipe 
diameters. 

Solution: 


C.V. Throttle. Steady state, 

Proeess with: q = w = 0; and Vj = Vg, 

Energy Eq.6.13: hj = hg. Ideal gas => 


AV 

RT/P 


But m, V, T are eonstant => 



Tj = Tg = 20°C 


PjAi = PgA 


e 




n 2V/2 

7 ^ = 3.464 

\y)Aj 
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6.41 

Saturated vapor R-134a at 500 kPa is throttled to 200 kPa in a steady flow 
through a valve. The kinetie energy in the inlet and exit flow is the same. What is 
the exit temperature? 

Solution; 

Steady throttle flow 

• • • 

Continuity m; = mg = m 

Energy Eq.6.13: h^ + | + gZ^ = h 2 +1+ gZ 2 

Process: Zi=Z 2 and V 2 = V^ 

^ h 2 = h^ = 407.45 kJ/kg from Table B.5.2 

State 2; P 2 & h 2 ^ superheated vapor 

Interpolate between 0°C and 10”C in table B.5.2 in the 200 kPa subtable 


T2 = 0 + 10 


407.45-400.91 

409.5-400.91 
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6.42 

Saturated liquid R-12 at 25”C is throttled to 150.9 kPa in your refrigerator. What 
is the exit temperature? Find the pereent inerease in the volume flow rate. 

Solution; 

Steady throttle flow. Assume no heat transfer and no ehange in kinetie or 
potential energy. 


hg = h; = hf 25 OC = 59.70 kJ/kg = hf g + Xg hfg g at 150.70 kPa 


From table B.3.1 we get Tg = ( 150.9 kPa) = -20'’C 



= 0-26025 

hfge 160.92 

Vf + Xg Vfg = 0.000685 + Xg 0.10816 = 0.0288336 m^/kg 


Vi = Vf 25 OC ^ 0.000763 m^/kg 


V = mv so the ratio beeomes 



0.0288336 

0.000763 


37.79 


So the increase is 36.79 times or 3679 % 
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6.43 

Water flowing in a line at 400 kPa, saturated vapor, is taken out through a valve 
to 100 kPa. What is the temperature as it leaves the valve assuming no changes in 
kinetic energy and no heat transfer? 

Solution: 

C.V. Valve. Steady state, single inlet and exit flow 

• • 

Continuity Eq.: mj = m 2 

Energy Eq.6.12: rn^h^ + Q = rn 2 h 2 + W 

Process: Throttling 
Small surface area: Q = 0; 


No shaft: W = 0 
Table B.1.2: h 2 = hi = 2738.6 kJ/kg ^ T 2 = 131.1°C 
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6.44 

Liquid water at 180*^C, 2000 kPa is throttled into a flash evaporator ehamber 
having a pressure of 500 kPa. Neglect any change in the kinetic energy. What is 
the fraction of liquid and vapor in the chamber? 

Solution; 


Energy Eq.6.13: 
Process: 

State 2: 


hi + 2 Vi + gZi = h2 + 2 V2 + gZ2 
Zi = Z 2 and V 2 = Vi 
^ h 2 = hi = 763.71 kJ/kg from Table B.1.4 
P 2 & h 2 ^ 2 - phase 



hf + X2 hfg 


X2 = (h2 - hf ) / hfg= 


763.71 -640.21 
2108.47 


0.0586 


Eraction of 



Vapor: X 2 = 0.0586 (5.86%) 

Eiquid; 1 -X 2 = 0.941 (94.1 %) 



Two-phase out of the 
valve. The liquid drops 
to the bottom. 
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6.45 

Water at 1.5 MPa, 150°C, is throttled adiabatieally through a valve to 200 kPa. 
The inlet veloeity is 5 m/s, and the inlet and exit pipe diameters are the same. 
Determine the state (negleeting kinetie energy in the energy equation) and the 
veloeity of the water at the exit. 

Solution: 

CV: valve. m = const, A = const 

^ Vg = Vi(ve/vi) 



Energy Eq.6.13: 

1 1 w2 1 „2 , 

hi+ 2 Vi = 2^6 + he or 


(h.-hi)+ )vf 




Now neglect the kinetic energy terms (relatively small) from table B.1.1 we 
have the compressed liquid approximated with saturated liquid same T 

hg = hi = 632.18 kJ/kg ; Vi = 0.001090 m^/kg 


Table B.1.2: hg = 504.68 + Xg x 2201.96, 

Substituting and solving, Xg = 0.0579 

Vg = 0.001061 + Xg X 0.88467 = 0.052286 m^/kg 
Vg = Vi(vg/vi) = 5 m/s (0.052286 / 0.00109) = 240 m/s 
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6.46 

R-134a is throttled in a line flowing at 25*^C, 750 kPa with negligible kinetie 
energy to a pressure of 165 kPa. Find the exit temperature and the ratio of exit 
pipe diameter to that of the inlet pipe (Dg^/Din) so the veloeity stays eonstant. 


Solution: 


Energy Eq.6.13: 
Proeess: 

State 1, Table B.5.1: 
Use energy eq.: 

State 2: Pt & h 


, 1 w2 , 1 „2 

hi + 2 Vi + gZi - h2 + 2 V 2 + gZ2 

Zi = Z 2 and V 2 = Vi 

hi = 234.59 kJ/kg, vi = Vf = 0.000829 m^/kg 

^ h2 = hi = 234.59 kJ/kg 

2 ^ 2-phase and T 2 = (165 kPa) = -15°C 


h2 = hf + X2 hfg = 234.59 kJ/kg 

X2 = (h2 - hf) / hfg= (234.59 - 180.19) / 209 = 0.2603 

V 2 = Vf + X 2 X Vfg = 0.000746 + 0.2603 x 0.11932 = 0.0318 m^/kg 
Now the eontinuity equation with V 2 = Vi gives, from Eq.6.3, 


m = pAV = AV/v = AiVi/vi = (A 2 Vi) / V 2 


(A2 / Ai) - V2 / Vi -(D2/D1) 

(D 2 /D 1 ) = (V2 / Vi)‘^'^= (0.0318 / 0.000829)'^'^ = 6.19 
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6.47 

Methane at 3 MPa, 300 K is throttled through a valve to 100 kPa. Caleulate the 
exit temperature assuming no ehanges in the kinetie energy and ideal gas 
behavior. Repeat the answer for real-gas behavior. 


C.V. Throttle (valve, restrietion). Steady flow, 1 inlet and exit, no q, w 
Energy Eq.: hj = hg => Ideal gas Tj = Tg = 300 K 


Real gas : 


hi = hg = 598.711 Table B.7 

Pg = 0.1MPa J Tg = 13.85°C ( = 287 K) 
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Turbines, Expanders 
6.48 

A steam turbine has an inlet of 2 kg/s water at 1000 kPa, 350*^C and velocity of 
15 m/s. The exit is at 100 kPa, x = 1 and very low velocity. Find the specific work 
and the power produced. 


Solution; 


Energy Eq.6.13: 

Process: 

Table B.1.3: 


hi + 2 Vi + gZi = h2 + 2 V2 + gZ2 + Wx 

Zi = Z 2 and V 2 = 0 

hi = 3157.65 kJ/kg, h2 = 2675.46 kJ/kg 


WT = hi+ I Vi-h2 = 3157.65 + 15^/2000 - 2675.46 = 482.3 kJ/kg 


Wj = rn X Wx = 2 X 482.3 = 964.6 kW 
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6.49 

A small, high-speed turbine operating on eompressed air produees a power output 
of 100 W. The inlet state is 400 kPa, 50°C, and the exit state is 150 kPa, -30°C. 
Assuming the veloeities to be low and the proeess to be adiabatie, find the 
required mass flow rate of air through the turbine. 

Solution: 

C.V. Turbine, no heat transfer, no AKE, no APE 
Energy Eq.6.13: hjjj = hgx + W 7 

Ideal gas so use eonstant speeifie heat from Table A.5 

Wt = hin - hex = Cp(Tin - Tgx) 

= 1.004 (kJ/kg K) [50 - (-30)] K = 80.3 kJ/kg 
W = mwj ^ m = W/wj = 0.1/80.3 = 0,00125 kg/s 

The dentist’s drill has a 
small air flow and is not 
really adiabatic. 
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6.50 

A liquid water turbine receives 2 kg/s water at 2000 kPa, 20‘^C and velocity of 15 

m/s. The exit is at 100 kPa, 20*^C and very low velocity. Find the specific work 
and the power produced. 


Solution; 



Energy Eq.6.13: 

hi + 2 Vi + gZi - h2 + 2 V 2 + gZ2 + Wp 

Process: 

Zl=Z2 

and V 2 = 0 

State 1; 

Table B. 1.4 

hi = 85.82 kJ/kg 

State 2: 

Table B. 1.1 

h 2 = 83.94 (which is at 2.3 kPa so we 


should add APv = 97.7 x 0.001 to this) 

, 1 w2 

w-p — h]^ + 2 — 

h2 = 85.82 + 15^/2000 - 83.94 = 1.99 kJ/kg 


Wj = m X wj = 2 X 1.9925 = 3.985 kW 
Notice how insignificant the specific kinetic energy is. 
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6.51 

Hoover Dam across the Colorado River dams up Lake Mead 200 m higher than 
the river downstream. The electric generators driven by water-powered turbines 
deliver 1300 MW of power. If the water is 17.5°C, find the minimum amount of 
water running through the turbines. 

Solution; 


C.V.; H 2 O pipe + turbines, 




Continuity: 


min = mgx; 


Energy Eq.6.13: (h+ V^/2 + = (h+ V^/2 + gz)gx + Wj 


Water states; hjj^ = hg^ ; 


V — V 
''in — 


ex 


Now the specific turbine work becomes 

wj = gzjjj - gZgx = 9.807 X 200/1000 = 1.961 kJ/kg 


m 


— Wj/wj — 


13 00x10-^ kW 
961 kJ/kg 


= 6.63 xlO^ kg/s 


V = mv = 6.63 xlO^ x 0.001001 = 664 m^/s 
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6.52 

A windmill with rotor diameter of 30 m takes 40% of the kinetie energy out as 

shaft work on a day with 20®C and wind speed of 30 km/h. What power is 
produced? 

Solution; 

• • • 

Continuity Eq. m; = m^ = m 


Energy m (h; + + gZj) = m(he+ + gZ^) + W 

Process information: W = mV^V;^ x 0.4 


m = pAV =AV; /vj 

TT o TC o o 

A = 4D =4 302 = 706.85 m2 

0.287 X 293 ^ 

v; = RTi/P; = io ]~3 ^ 0.8301 m'^/kg 


Vj = 30 km /h = 


30 X 1000 
3600 


= 8.3333 m/s 


• , 706.85 x 8.3333 . 

m = AV; /V; =-0^301-^ 

1/2 Vi 2 =1/2 8.33332 m2/s2 = 34.722 J/kg 



W = 0.4 mVi = 0.4 x7096 x 34.722 = 98 555 W 

= 98.56 kW 
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6.53 

A small turbine, shown in Fig. P 6.53, is operated at part load by throttling a 0.25 
kg/s steam supply at 1.4 MPa, 250°C down to 1.1 MPa before it enters the turbine 
and the exhaust is at 10 kPa. If the turbine produees 110 kW, find the exhaust 
temperature (and quality if saturated). 

Solution; 

C.V. Throttle, Steady, q = 0 and w = 0. No ehange in kinetie or potential 
energy. The energy equation then reduees to 

Energy Eq.6.13: h^ = h 2 = 2927.2 kJ/kg from Table B. 1.3 


C.V. Turbine, Steady, no heat transfer, speeifie 


work: w = 


no 

0.25 


= 440 kJ/kg 


Energy Eq.: h^ = h 2 = h 3 + w = 2927.2 kJ/kg 
^ h 3 = 2927.2 - 440 = 2487.2 kJ/kg 

State 3: (P, h) Table B.1.2 h<hg 

2487.2 = 191.83 +X 3 x 2392.8 

^ T = 45.8°C , X 3 = 0.959 
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6.54 

A small expander (a turbine with heat transfer) has 0.05 kg/s helium entering at 
1000 kPa, 550 K and it leaves at 250 kPa, 300 K. The power output on the shaft is 
measured to 55 kW. Find the rate of heat transfer neglecting kinetic energies. 
Solution; 

C.V. Expander. Steady operation 


Cont. mi= riig = rii 

Energy mh; + Q = mhg + W 


Q = rh (hg-hj) + W 

Use heat capacity from tbl A.5; Cp jje ^ 5.193 kJ/kg K 

Q = mCp (Tg-Ti) + W 

= 0.05x 5.193 (300- 550)+ 55 
= -64.91 +55 = -9.9 kW 
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Compressors, fans 
6.55 

A compressor in a commercial refrigerator receives R-22 at -25*^C, x = 1. The exit 
is at 800 kPa, 40*^C. Neglect kinetic energies and find the specific work. 

Solution; 


C.V. Compressor, steady state, single inlet and 
exit flow. For this device we also assume no 
heat transfer and Z j = Z 2 

From Table B.4.1 ; h^ = 239.92 kJ/kg 

From Table B.4.2 ; h 2 = 274.24 kJ/kg 

Energy Eq.6.13 reduces to 

Wc = hi - h2 = (239.92 - 274.24) = -34.3 kJ/kg 
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6.56 

The compressor of a large gas turbine receives air from the ambient at 95 kPa, 
20°C, with a low velocity. At the compressor discharge, air exits at 1.52 MPa, 
430°C, with velocity of 90 m/s. The power input to the compressor is 5000 kW. 
Determine the mass flow rate of air through the unit. 

Solution; 

C.V. Compressor, steady state, single inlet and exit flow. 

Energy Eq.6.13; q + hj + = hg + Vg^/2 + w 

Here we assume q = 0 and Vf = 0 so using constant Cpo from A.5 

-w = Cpo(Tg - Ti) + = 1.004(430 - 20) + ^ = 415.5 kJ/kg 

Notice the kinetic energy is 1% of the work and can be neglected in most 
cases. The mass flow rate is then from the power and the specific work 

. Wg 5000 

= 4115= 12-0 kg/s 
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6.57 

A compressor brings R-134a from 150 kPa, -10”C to 1200 kPa, 50®C. It is water 
eooled with a heat loss estimated as 40 kW and the shaft work input is measured 
to be 150 kW. How much is the mass flow rate through the compressor? 

Solution; 

C.V Compressor. Steady flow. 

Neglect kinetic and potential energies. 

Energy ; ih h; + Q = rnhg + W 

rh = (Q - ^/(hg - hi) 



Look in table B.5.2 


hi = 393.84 kJ/kg, hg = 426.84 kJ/kg 



-40-(-150) 
426.84-393.84 


= 3,333 kg/s 
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6.58 

An ordinary portable fan blows 0.2 kg/s room air with a velocity of 18 m/s. What 
is the minimum power electric motor that can drive it? Hint: Are there any 
changes in P or T? 

Solution: 

C.V. Fan plus space out to near stagnant inlet room air. 

Energy Eq.6.13: q + hj + = hg + Vg^/2 + w 

Here q = 0, Vf = 0 and hj = hg same P and T 

-w = Vg2/2 = 18^/2000 = 0.162 kJ/kg 

-W = -mw = 0.2 kg/s X 0.162 kJ/kg = 0.032 kW 
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6.59 

An air compressor takes in air at 100 kPa, 17°C and delivers it at 1 MPa, 600 K to 
a constant-pressure cooler, which it exits at 300 K. Find the specific compressor 
work and the specific heat transfer in the cooler. 

Solution 

C.V. air compressor q = 0 

• • 

Continuity Eq.; m 2 = m^ 

Energy Eq. 6.13; h^ + w^ = h 2 



Compressor section 


Cooler section 


Table A.7; 

Wc in = h2 - hi = 607.02 - 290.17 = 316.85 kJ/kg 
C.V. cooler w = 0 

• • 

Continuity Eq.: m 3 = mi 
Energy Eq.6.13: h 2 = qout + ^3 

Oout = h 2 - h 3 = 607.02 - 300.19 = 306.83 kJ/kg 
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6.60 

A 4 kg/s steady flow of ammonia runs through a device where it goes through a 
polytropic process. The inlet state is 150 kPa, -20*^C and the exit state is 400 kPa, 

80*^C, where all kinetic and potential energies can be neglected. The specific 

work input has been found to be given as [n/(n-l)] A(Pv). 

a) Find the polytropic exponent n 

b) Find the specific work and the specific heat transfer. 

Solution: 


C.V. Steady state device. Single inlet and single exit flows. 

Energy Eq.6.13: h^ + ^ + gZ^ + q = h 2 + ^ + gZ 2 + w 


Process: 
State 1: 
State 2: 


Pv = constant and Zi=Z 2 , Vi=V 2 = 0 

Table B.2.2 vi = 0.79774, h^ = 1422.9 
Table B.2.2 V 2 = 0.4216, h 2 = 1636.7 


Prom the polytropic process equation and the two states we can find the 
exponent n: 

. P2,, vi ,400,, 0.79774 
n = In ~ / In = In ttt: / In = 1.538 


P 


1 


V2 


150 


0.4216 


Before we can do the heat transfer we need the work term 


w = - 


(P 2 V 2 - Pivi) = -2.8587(400x0.4216 - 150x0.79774) 


= -140.0 kJ/kg 

q = h 2 + w - hi = 1636.7 - 140.0 - 1422.9 = 73.8 kJ/kg 
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6.61 

An exhaust fan in a building should be able to move 2.5 kg/s air at 98 kPa, 20*^C 
through a 0.4 m diameter vent hole. How high a velocity must it generate and how 
much power is required to do that? 

Solution: 

C.V. Fan and vent hole. Steady state with uniform velocity out. 

Continuity Eq.: m = constant = pAV = AV / v =AVP/RT 

7Z o 

Ideal gas : Pv = RT, and area is A = ^ 

Now the velocity is found 

V = m RT/(| d2p) = 2.5 x 0.287 x 293.15 /(| x 0.42 x 98) = 17.1 m/s 
The kinetic energy out is 

^V2= |x 17.1^/ 1000 = 0.146 kJ/kg 

which is provided by the work (only two terms in energy equation that does 
not cancel, we assume Vj = 0) 

Win = m |V 2 = 2.5 x 0.146 = 0.366 kW 
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6.62 

How much power is needed to run the fan in Problem 6.29? 

A household fan of diameter 0.75 m takes air in at 98 kPa, 22®C and delivers it at 
105 kPa, 23°C with a velocity of 1.5 m/s. What are the mass flow rate (kg/s), the 

'J 

inlet velocity and the outgoing volume flow rate in m /s? 

Solution; 



m; = Vg/vg = 0.6627/0.8091 = 0.819 kg/s 


AVj /vj = mj = AVg / Vg 


Vi = Vg X (vi / Vg) 


= VgX(RTi)/(PiVg)=1.5x 


0.287 X (22 + 273) 
98 X 0.8091 


= 1.6 m/s 


m (hi + = m(hg+ V:N +W 


W = m(hi + lAVi^ - hg - l/2Vg2 ) = m [Cp (Ti-Tg) + ka Vi^ - kaVg^ ] 


= 0.819 [ 1.004 (-1) + 


1 . 62 - 1.52 


] =0.819 [-1.004 + 0.000155] 


= - 0.81 kW 


2000 
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Heaters/Coolers 

6.63 

Carbon dioxide enters a steady-state, steady-flow heater at 300 kPa, and 

exits at 275 kPa, HOO'^C, as shown in Fig. P6.63. Changes in kinetic and 
potential energies are negligible. Calculate the required heat transfer per kilogram 
of carbon dioxide flowing through the heater. 

Solution; 

C.V. Heater Steady state single inlet and exit flow. 

Energy Eq.6.13: q + h; = hg 



Table A.8: q = hg - h; = 1579.2 - 204.6 = 1374,6 kJ/kg 

(If we use CpQ from A.5 then q = 0.842(1200 - 15) = 997.8 kJ/kg) 
Too large AT, T^ve to use CpQ at room temperature. 
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6.64 

A condenser (cooler) reeeives 0.05 kg/s R-22 at 800 kPa, dO'^C and cools it to 15*^ 
C. There is a small pressure drop so the exit state is saturated liquid. What cooling 
capacity (kW) must the condenser have? 

Solution: 

C.V. R-22 eondenser. Steady state single flow, heat transfer out and no work. 

Energy Eq.6.12: rh h^ = rh h2 + Qout 

Inlet state: Table B.4.2 h^ = 274.24 kJ/kg, 

Exit state: Table B.4.1 h 2 = 62.52 kJ/kg 

Process: Neglect kinetic and potential energy changes. 

Cooling capacity is taken as the heat transfer out i.e. positive out so 

Qout = m ( hi- h 2 ) = 0.05 kg/s (274.24 - 62.52) kJ/kg 
= 10.586 kW= 10.6 kW 
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6.65 

A chiller cools liquid water for air-conditioning purposes. Assume 2.5 kg/s water 

at 20‘^C, 100 kPa is cooled to 5^C in a chiller. How much heat transfer (kW) is 
needed? 

Solution; 

C.V. Chiller. Steady state single flow with heat transfer. Neglect changes in 
kinetic and potential energy and no work term. 

Energy Eq.6.13: qout = hi-he 

Properties from Table B. 1.1; 

hf = 83.94 kJ/kg and hg = 20.98 kJ/kg 

Now the energy equation gives 

Oout = 83.94 - 20.98 = 62.96 kJ/kg 


Qout ^ Oout ^ 2.5 X 62.96 = 157,4 kW 

Alternative property treatment since single phase and small AT 
If we take constant heat capacity for the liquid from Table A.4 

Oout ~ ^^i “ ^^e - ^p (^i ■ ^e ) 

= 4.18 (20-5) = 62.7kJ/kg 


Qout ^ ^ Oout ^ 2.5 X 62.7 = 156,75 kW 
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6.66 

Saturated liquid nitrogen at 500 kPa enters a boiler at a rate of 0.005 kg/s and 
exits as saturated vapor. It then flows into a super heater also at 500 kPa where it 
exits at 500 kPa, 275 K. Find the rate of heat transfer in the boiler and the super 
heater. 

Solution: 

C.V.: boiler steady single inlet and exit flow, negleet KE, PE energies in flow 
Continuity Eq.: rhj = m 2 = 1113 



Table B.6.1: h^ =-87.095 kJ/kg, h 2 = 86.15 kJ/kg, 

Table B.6.2: h 3 = 284.06 kJ/kg 

Energy Eq.6.13: qboiler = ^2 - h^ = 86.15 - (- 87.095) = 173.25 kJ/kg 

Qboiler ^ ^^lOboiler ^ 0.005 x 173.25 = 0,866 kW 
C.V. Superheater (same approximations as for boiler) 

Energy Eq.6.13: q^^p heater = h 3 - h 2 = 284.06 - 86.15 = 197.9 kJ/kg 

Qsup heater ~ ^29sup heater ~ 0.005 x 197.9 — 0.99 kW 
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6.67 

In a steam generator, compressed liquid water at 10 MPa, 30°C, enters a 30-mm 
diameter tube at the rate of 3 L/s. Steam at 9 MPa, 400°C exits the tube. Find the 
rate of heat transfer to the water. 

Solution; 

C.V. Steam generator. Steady state single inlet and exit flow. 

Constant diameter tube; A; = Ag = ^ (0.03)^ = 0.0007068 m^ 


Table B.1.4 m = Vj/vi = 0.003/0.0010003 = 3.0 kg/s 


Vi = Vi/Ai = 0.003/0.0007068 = 4.24 m/s 

Exit state properties from Table B. 1.3 

Vg = Vi X Vg/vi = 4.24 X 0.02993/0.0010003 = 126.86 m/s 

The energy equation Eq.6.12 is solved for the heat transfer as 




3117.8 - 134.86 + 


126.86^ - 4.24^ 

2 X 1000 


= 8973 kW 


Typically hot 
combustion 
gas in 


Steam exit 

A 



liquid water in 


gas 

out 
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6.68 

The air conditioner in a house or a car has a cooler that brings atmospheric air 

from 30*^C to 10*^C both states at 101 kPa. If the flow rate is 0.5 kg/s find the rate 
of heat transfer. 

Solution; 

CV. Cooler. Steady state single flow with heat transfer. 

Neglect changes in kinetic and potential energy and no work term. 


Energy Eq.6.13: qout = hi-he 

Use constant heat capacity from Table A.5 (T is around 300 K) 

Oout ~ - hg = Cp (Ti - Tg) 



X (30- 10) K = 20.1 kJ/kg 


Qout = m qout ^ 0-5 X 20.1 = 10 kW 
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6.69 

A flow of liquid glycerine flows around an engine, cooling it as it absorbs energy. 

The glycerine enters the engine at 60®C and receives 9 kW of heat transfer. What 

is the required mass flow rate if the glyeerine should come out at maximum 95° 
C? 


Solution; 

C.V. Liquid flow (glycerine is the coolant), steady flow, no work. 

• • • 

Energy Eq.: mh; + Q = mhg 


Q 


m Q/( hg - hi) 

Erom table A.4 Cgiy = 2.42 kJ/kg-K 


9 


m = 


2.42 (95 - 60) 


= 0,106 kg/s 


Air intake filter 

c 


Exhaust flow 


Fan Radiator 



oA 


Atm. 


air 




Coolant flow 
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6.70 

A cryogenic fluid as liquid nitrogen at 90 K, 400 kPa flows into a probe used in 
cryogenic surgery. In the return line the nitrogen is then at 160 K, 400 kPa. Find 
the specific heat transfer to the nitrogen. If the return line has a eross sectional 
area 100 times larger than the inlet line what is the ratio of the return velocity to 
the inlet veloeity? 


Solution: 

C.V line with nitrogen. No kinetic or potential energy ehanges 


Continuity Eq.: m = constant = mg = mj = AgVg/vg = A^Vj/vj 

Energy Eq.6.13: q = hg-hi 

State i, Table B.6.1: hj =-95.58 kJ/kg, vj = 0.001343 m^/kg 

State e, Table B.6.2: hg = 162.96 kJ/kg, Vg = 0.11647 m^/kg 
Erom the energy equation 

q = hg - hj = 162.96 - (-95.58) = 258.5 kJ/kg 

Erom the continuity equation 


VgA/i = Aj/Ag (vg/vi) = 


1 0.11647 

100 0.001343 


= 0.867 
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Pumps, pipe and channel flows 
6.71 

A small stream with 20*^C water runs out over a eliff ereating a 100 m tall 
waterfall. Estimate the downstream temperature when you neglect the horizontal 
flow velocities upstream and downstream from the waterfall. How fast was the 
water dropping just before it splashed into the pool at the bottom of the waterfall? 


Solution; 


CV. Waterfall, steady state. Assume no Q nor W 
Energy Eq.6.13: h + + gZ = const. 

State 1; At the top zero velocity Zi = 100 m 
State 2: At the bottom just before impact, Z 2 = 0 


State 3: 


At the bottom after impact in the pool. 

1 2 

hj + 0 + gZ\ ~ h2 + 2 ^2 + 0 — 


h3 + 0 + 0 


Properties: 


hj = h 2 same T, P 

1 2 

-> 2 ^ 2 “^^! 


V 2 = Ay2gZi =V2 X 9.806 X 100 = 44,3 m/s 
Energy equation from state 1 to state 3 

h3 = hi +gZi 

use Ah = Cp AT with value from Table A.4 (liquid water) 

T3 =Ti + gZi/Cp 

= 20 + 9.806 X 100 /4180 = 20.23 °C 
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6.72 

A small water pump is used in an irrigation system. The pump takes water in from 

a river at 10®C, 100 kPa at a rate of 5 kg/s. The exit line enters a pipe that goes up 
to an elevation 20 m above the pump and river, where the water runs into an open 

channel. Assume the process is adiabatic and that the water stays at 10°C. Find 
the required pump work. 

Solution; 

C.V. pump + pipe. Steady state , 1 inlet, 1 exit flow. Assume same velocity in 
and out, no heat transfer. 

• • • 

Continuity Eq.; mjjj = mg^ = m 

Energy Eq.6.12: 

m(hin + (l/2)Vin2 + gZin) = 

m(hgx + (1/2) Vgx^ + gZgx) + W 

States: hjj^ = hg^ same (T, P) 



W = m g(zin - Zgx) = 5 X 9.807 x (0 - 20)/1000 = -0.98 kW 

I.E. 0.98 kW required input 
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6.73 

A steam pipe for a 300-m tall building receives superheated steam at 200 kPa at 
ground level. At the top floor the pressure is 125 kPa and the heat loss in the pipe 
is 110 kJ/kg. What should the inlet temperature be so that no water will condense 
inside the pipe? 

Solution; 

C.V. Pipe from 0 to 300 m, no AKE, steady state, single inlet and exit flow. 
Neglect any changes in kinetic energy. 

Energy Eq.6.13: q + hi = hg + gZg 

No condensation means: Table B.1.2, hg = hg at 125 kPa = 2685.4 kJ/kg 

g Qr)7 X 100 

hi = hg + gZg - q = 2685.4 + ' -- (-110) = 2810.1 kJ/kg 

At200kPa: T~170®C Table B. 1.3 
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6.74 

The main waterline into a tall building has a pressure of 600 kPa at 5 m below 
ground level. A pump brings the pressure up so the water ean be delivered at 200 
kPa at the top floor 150 m above ground level. Assume a flow rate of 10 kg/s 

liquid water at 10*^C and neglect any difference in kinetic energy and internal 
energy u. Find the pump work. 


Solution; 

C.V. Pipe from inlet at -5 m up to exit at +150 m, 200 kPa. 

1 o 1 o 

Energy Eq.6.13: h[ + + gZ[ = hg + 2 ^ 6 ^ + g^e + w 

With the same u the difference in h’s are the Pv terms 

w = hi - he +1 (Vi2 - Ve2) + g (Zi- Zg) 

= PAi - Pe^e + g (Zi - Ze) 

= 600 X 0.001 - 200 X 0.001 + 9.806 x (-5-150)/1000 
= 0.4- 1.52 = -1.12 kJ/kg 

W = mw= 10 X (-1.12) = -11,2 kW 
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6.75 

Consider a water pump that reeeives liquid water at 100 kPa and delivers it 
to a same diameter short pipe having a nozzle with exit diameter of 1 cm (0.01 m) 
to the atmosphere 100 kPa. Neglect the kinetic energy in the pipes and assume 
constant u for the water. Find the exit velocity and the mass flow rate if the pump 
draws a power of 1 kW. 


Solution: 


K 2 71 9 ^ 

— --'Z _ n o c /I.. 1 n —J 


Continuity Eq.: mj = = AV/v ; A = x 0.01 ^ = 7.854x 10 


Energy Eq.6.13: 


hi + + gZi - hg + 2Vg + gZg + 


W 


Properties: lij = uj + F[V[ = ti^ = + PeVe ; ^i ^ Pe ’ ^i ^ 


w = 


1 2 
-2^0 


.12 13 

-W = m(2Vg) =Ax2Vg/ve 


Ve=( 


-2Wvexl/3 /2 x 1000 x 0.001001 ^1/3 


A 


) A 


7.854x10 


-5 


) = 29.43 m/s 


m = AVg/ve = 7.854x 10 x 29.43 / 0.001001 = 2.31 kg/s 
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6.76 

A cutting tool uses a nozzle that generates a high speed jet of liquid water. 

Assume an exit veloeity of 1000 m/s of 20*^C liquid water with a jet diameter of 2 
mm (0.002 m). How mueh mass flow rate is this? What size (power) pump is 

needed to generate this from a steady supply of 20‘^C liquid water at 200 kPa? 
Solution: 

C.V. Nozzle. Steady state, single flow. 


Continuity equation with a uniform velocity across A 

m = AV/v = |D2 V/v = |0.0022 x 1000/0.001002 = 3.135 kg/s 
Assume Z[ = Zq = 0, Ug = u^ and = 0 Pg = 100 kPa (atmospheric) 


Energy Eq.6.13: 


hi + 0 + 0 = he + + 0 + w 


w = hi 



1 2 

2\ = ui - ue + Pi Vi 


Pe ^e 



= (Pi - Pe) Vi - 

= 0.001002 X (200 - 100) - 0.5 x (1000^ / 1000) 
= 0.1002-500^-500 kJ/kg 


W = riiw = 3.135 (-500) = -1567.5 kW 
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6.77 


A pipe flows water at 15®C from one building to another. In the winter time the 
pipe loses an estimated 500 W of heat transfer. What is the minimum required 

mass flow rate that will ensure that the water does not freeze (i.e. reaeh 0”C)? 

Solution; 


• • • 

Energy Eq.: mh; + Q = mhg 

Assume saturated liquid at given T from table B. 1.1 


m = 


» 

Q 


-500 X 10 


-3 


0.5 


hg - hi 0 - 62.98 62.98 


= 0.007 94 kg/s 
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Multiple flow single device processes 

Turbines, Compressors, Expanders 
6.78 

A steam turbine receives water at 15 MPa, 600 C at a rate of 100 kg/s, shown in 

Fig. P6.78. In the middle section 20 kg/s is withdrawn at 2 MPa, 350°C, and the 
rest exits the turbine at 75 kPa, and 95% quality. Assuming no heat transfer and 
no changes in kinetic energy, find the total turbine power output. 

Solution; 

C.V. Turbine Steady state, 1 inlet and 2 exit flows. 

• • • • • • 

Continuity Eq.6.9: m^ = m 2 + m 3 ; => m 3 = m^ - m 2 = 80 kg/s 

• • • • 

Energy Eq.6.10; m^hi = Wj + m 2 h 2 + m 3 h 3 

Table B.1.3 hi = 3582.3 kJ/kg, 1 

h 2 = 3137kJ/kg 

Table B.1.2 : h 3 = hf + X 3 hfg = 384.3 + 0.95x2278.6 

= 2549.1 kJ/kg 



From the energy equation, Eq.6.10 

=> Wj = mihi - m2h2 - m3h3 = 91,565 MW 
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6.79 

A steam turbine receives steam from two boilers. One flow is 5 kg/s at 3 MPa, 

700°C and the other flow is 15 kg/s at 800 kPa, 500°C. The exit state is 10 kPa, 
with a quality of 96%. Find the total power out of the adiabatic turbine. 

Solution; 

C.V. whole turbine steady, 2 inlets, 1 exit, no heat transfer Q = 0 
Continuity Eq.6.9; mi+m 2 = m 3 = 5 + 15=20 kg/s 

Energy Eq.6.10; dijhj + m 2 h 2 = ih 3 h 3 + Wj 


Table B. 1.3: hj = 3911.7 kJ/kg, 

h2 = 3480.6 kJ/kg 

Table B.1.2: h 3 = 191.8 + 0.96 x 2392.8 

= 2488.9 kJ/kg 



Wj = 5 X 3911.7 + 15 X 3480.6 - 20 x 2488.9 = 21990 kW = 22 MW 
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6.80 

Two steady flows of air enters a control volume, shown in Fig. P6.80. One is 
0.025 kg/s flow at 350 kPa, 150°C, state 1, and the other enters at 450 kPa, 15°C, 
both flows with low velocity. A single flow of air exits at 100 kPa, -40°C, state 3. 
The control volume rejects 1 kW heat to the surroundings and produces 4 kW of 
power. Neglect kinetic energies and determine the mass flow rate at state 2. 

Solution; 


C.V. Steady device with two inlet and one 
exit flows, we neglect kinetic energies. Notice 
here the Q is rejected so it goes out. 



Continuity Eq.6.9; m^ + m 2 = m 3 = 0.025 + m 2 

Energy Eq. 6 . 10 ; + m 2 h 2 = 1113113 + W^y Qloss 

Substitute the work and heat transfer into the energy equation and use 
constant heat capacity 

0.025 X 1.004 X 423.2 + m 2 x 1.004 x 288.2 
= (0.025 + m 2 ) 1.004 X 233.2 + 4.0 + 1.0 


Now solve for m 2 . 



4.0+ 1.0 + 0.025 X 1.004 x (233.2-423.2) 

1.004 (288.2-233.2) 


Solving, m 2 = 0,0042 kg/s 
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6.81 

A large expansion engine has two low velocity flows of water entering. High 
pressure steam enters at point 1 with 2.0 kg/s at 2 MPa, 500°C and 0.5 kg/s 
cooling water at 120 kPa, 30°C enters at point 2. A single flow exits at point 3 
with 150 kPa, 80% quality, through a 0.15 m diameter exhaust pipe. There is a 
heat loss of 300 kW. Find the exhaust velocity and the power output of the 
engine. 

Solution; 

C.V. : Engine (Steady state) 

• • 

Constant rates of flow, Qiosg and W 
State 1: Table B.1.3: hj = 3467.6 kJ/kg 
State 2: Table B.1.1: h2 = 125.77 kJ/kg 
h3 = 467.1 + 0.8 X 2226.5 = 2248.3 kJ/kg 

V3 = 0.00105 + 0.8 X 1.15825 = 0.92765 m^/kg 

Continuity Eq.6.9; mi+ m2 = m3 = 2 + 0.5= 2.5 kg/s = (AV/v) = (7 t:/ 4 )D^V/v 

Energy Eq.6.10; niih^ + m2h2 = m3(h3 + 0.5 V^) + Qioss ^ 

V = rn3V3 / [| D^] = 2.5 x 0.92765 / (0.7854 x 0.15^ ) = 131.2 m/s 
0.5 = 0.5 X 131.2^ /lOOO = 8.6 kJ/kg ( remember units factor 1000) 

W = 2 X3467.6 + 0.5 x 125.77 - 2.5 (2248.3 + 8.6) - 300 = 1056 kW 
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6.82 

Cogeneration is often used where a steam supply is needed for industrial proeess 
energy. Assume a supply of 5 kg/s steam at 0.5 MPa is needed. Rather than 
generating this from a pump and boiler, the setup in Fig. P6.82 is used so the 
supply is extracted from the high-pressure turbine. Find the power the turbine 
now cogenerates in this process. 

Solution; 

C.V. Turbine, steady state, 1 inlet and 2 exit flows, assume adiabatic, Q^y = 0 

• • • 

Continuity Eq.6.9; m^ = m 2 + m 3 

• • • • • 

Energy Eq.6.10; Q^y + m^h^ = m 2 h 2 + m 3 h 3 + Wj ; 


Supply state 1; 20 kg/s at 10 MPa, 500°C 

Process steam 2: 5 kg/s, 0.5 MPa, 155°C, 

Exit state 3; 20 kPa, x = 0.9 

Table B.1.3: hi= 3373.7, h 2 = 2755.9 kJ/kg, 

Table B. 1.2: h 3 = 251.4 + 0.9 x 2358.3 

= 2373.9 kJ/kg 



Wx = 20 X 3373.7 - 5 x 2755.9 - 15 x 2373.9 = 18.084 MW 
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6.83 

A compressor receives 0.1 kg/s R-134a at 150 kPa, -10”C and delivers it at 1000 

kPa, 40”C. The power input is measured to be 3 kW. The compressor has heat 

transfer to air at 100 kPa coming in at 20®C and leaving at 25”C. How much is the 
mass flow rate of air? 

Solution: 

C.V. Compressor, steady state, single inlet and 
exit flow. For this deviee we also have an air 
flow outside the eompressor housing no 
changes in kenetic or potential energy. 

• • 

Continuity Eq.: m 2 = m^ 

• • • 

Energy Eq. 6.12: mih^ + Wjjj + 

Ideal gas for air and constant heat capacity: h 4 - h 3 ~ Cp ^ir (T 4 -T 3 ) 



mair = [mi (hi -h 2 ) + Win ] / Cp air (T 4 -T 3 ) 

_ 0.1 ( 393.84 - 420.25) + 3 _ 0.359 

1.004 (25-20) “ 5 

= 0.0715 kg/s 
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Heat Exchangers 


6.84 

A condenser (heat exehanger) brings 1 kg/s water flow at 10 kPa from 300°C to 
saturated liquid at 10 kPa, as shown in Fig. P6.84. The eooling is done by lake 
water at 20°C that returns to the lake at 30°C. For an insulated condenser, And the 
flow rate of eooling water. 


Solution: 

C.V. Heat exchanger 


Energy Eq.6. 10: mcooih 20 + mH2oh300 = mcoolhso + mH 2 ohf, lo kPa 


300°C 


1 kg/s 


m 


cool 


30°C 


sat. liq. 



20°C 


Table B.1.1: h 2 o = 83.96 kJ/kg , h 3 o = 125.79 kJ/kg 

TableB.1.3: h3oo, lokPa ^ 3076.5 kJ/kg, B. 1.2: hf^ ^okPa ^ 191.83 kJ/kg 

^300 - h iQkPa , 3076.5 - 191.83 . , 

“cool - mH 20 h 30 - h 20 ~ ^ 125.79 - 83.96 “ 













Sonntag, Borgnakke and van Wylen 


6.85 

A cooler in an air conditioner brings 0.5 kg/s air at 35*^C to 5*^C, both at 101 kPa 

and it then mix the output with a flow of 0.25 kg/s air at 20*^C, 101 kPa sending 
the eombined flow into a duet. Find the total heat transfer in the cooler and the 
temperature in the duet flow. 

Solution; 



Cooler seetion Mixing seetion 

C.V. Cooler section (no W) 

• • • 

Energy Eq.6.12; mhi = mh 2 + Qcool 

Qcool = m(hi - h 2 ) = rn Cp (Ti - T 2 ) = 0.5 x 1.004 x (35-5) = 15.06 kW 


• • 

C.V. mixing section (no W, Q) 

• • • 

Continuity Eq.; m2 + m3 = m4 

• • • 

Energy Eq.6.10; rn2h2 + m3h3 = m4h4 

m4 = m2 + m3 = 0.5 + 0.25 = 0.75 kg/s 

• • • • • 

m4h4 = (m2 + ni3)h4 = m2h2 + m3h3 

• • 

m2 (h 4 - h2) + m3 (h 4 - h3) = 0 
m2 Cp (T4 - T2) + 1^13 Cp (T4 - T3) = 0 


T 4 = (rn 2 / 1114 ) T 2 + (m 3 / 1114 ) T 3 = 5(0.5/0.75) + 20(0.25/0.75) = 10°C 
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6.86 

A heat exchanger, shown in Fig. P 6 . 86 , is used to cool an air flow from 800 K to 
360 K, both states at 1 MPa. The coolant is a water flow at 15°C, 0.1 MPa. If the 


water leaves as saturated vapor, find the ratio of the flow rates mH 2 o/’^air 


Solution; 

C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The 
two flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


Continuity Eqs.: Each line has a constant flow rate through it. 


Energy Eq.6.10; 


mairhi 



= mairh2 



Process: Each line has a constant pressure. 

Air states. Table A.7.1; hj = 822.20 kJ/kg, h 2 = 360.86 kJ/kg 

Water states. Table B.1.1; h 3 = 62.98 kJ/kg (at 15°C), 

Table B.1.2: h 4 = 2675.5 kJ/kg (at 100 kPa) 

hi-h 2 822.20 -360.86 
mH 2 o/mair “ h 4 - h 3 “ 2675.5 - 62.99 “ 
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6.87 


A superheater brings 2.5 kg/s saturated water vapor at 2 MPa to The 

energy is provided by hot air at 1200 K flowing outside the steam tube in the 
opposite direetion as the water, whieh is a eounter flowing heat exehanger. Find 

the smallest possible mass flow rate of the air so the air exit temperature is 20 ‘^C 
larger than the ineoming water temperature (so it ean heat it). 

Solution; 


C.V. Superheater. Steady state with no 

• • 

external Q or any W the two flows 
exchanges energy inside the box. Neglect 
kinetic and potential energies at all 
states. 



3 water 


Energy Eq. 6 .10: mH 20 ^3 + niair h^ = mH 20 ^4 + niair ^2 

Process: Constant pressure in each line. 

T 3 = 212.42°C, h 3 = 2799.51 kJ/kg 

h 4 = 3357.48 kJ/kg 


State 1; Table B.1.2 
State 2: Table B.1.3 
State 3: Table A.7 


State 4; 


hi = 1277.81 kJ/kg 
T 2 = T 3 + 20 = 232.42°C = 505.57 K 

A.7 ; h 2 = 503.36+ ^(523.98-503.36) = 509.1 kJ/kg 


Prom the energy equation we get 


^air 


! ’^H20 “ (^4 - h3)/(hi - h2) 


= 2.5 (3357.48 - 2799.51) / (1277.81 - 509.1) = 1.815 kg/s 
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6.88 

An automotive radiator has glycerine at 95®C enter and return at 55®C as shown 

in Fig. P6.88. Air flows in at 20®C and leaves at 25°C. If the radiator should 
transfer 25 kW what is the mass flow rate of the glycerine and what is the volume 
flow rate of air in at 100 kPa? 

Solution; 

If we take a control volume around the whole radiator then there is no external 
heat transfer - it is all between the glycerin and the air. So we take a control 
volume around each flow separately. 


Glycerine: 
Table A.4: 


mhi + (-Q) = mhg 



-25 

2.42(55 - 95) 


= 0,258 kg/s 


Air 

Table A. 5; 


• • 


mh;-l- Q = mb. 


9 

Q 


Q 


25 


“"air hg-hi Cair(Tg-Ti) 1 


.004(25 - 20) 


• • 


V = mvj; vj = 


RTi 0.287 X 293 


P; 


1 


100 


= 0.8409 m-^/kg 


Vair = mvj = 4.98 X 0.8409 = 4.19 m^/s 


Shaft 

power 


Air intake filter 

^ IcF 


c 






n 


y 





Exhaust flow « 


Atm. 

air 
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6.89 

A two fluid heat exchanger has 2 kg/s liquid ammonia at 20”C, 1003 kPa entering 
state 3 and exiting at state 4. It is heated by a flow of 1 kg/s nitrogen at 1500 K, 
state 1, leaving at 600 K, state 2 similar to Fig. P6.86. Find the total rate of heat 
transfer inside the heat exchanger. Sketch the temperature versus distance for the 
ammonia and find state 4 (T, v) of the ammonia. 

Solution: 

• • 

CV: Nitrogen flow line, steady rates of flow, Q out and W = 0 

• • • • • 

Continiuty: m^ = m 2 = 1 kg/s ; Energy Eq: rn^h^ = m 2 h 2 + Qo^t 

Tbl. A.8: hj = 1680.7 kJ/kg; h2 = 627.24 kJ/kg 

Qout = mi(hi - h 2 ) = 1 (1680.7 - 627.24) = 1053.5 kW 
If Tbl A. 5 is used: Cp = 1.042 kJ/kg K 

Qout = mi Cp (Ti - T 2 ) = 1x1.042 (1500 - 600) = 937.8 kW 


CV The whole heat exchanger: No external Q, constant pressure in each line. 


• • • • 

m^hi + m3h3 = mih2 + ni3h4 


=> 


h4 = h3 + mi (hi - h2)/m3 


h 4 = 274.3 + 1053.5 /2 = 801 kJ/kg < h„ => 2-phase 


X 4 = (h 4 -hf)/hfg = (801 -298.25)/ 1165.2 = 0.43147 

V 4 = Vf + X 4 Vfg = 0.001658 + 0.43147x0.12647 = 0.05623 m^/kg 


T 4 = T 3 a = 25®C This is the boiling temperature for 1003 kPa. 


k 


T 


298 ■■ 


4 



3a 


4 


1 N 



2 


3 NH 


293 


3 


X 
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6.90 

A copper wire has been heat treated to 1000 K and is now pulled into a eooling 
chamber that has 1.5 kg/s air eoming in at 20®C; the air leaves the other end at 
60®C. If the wire moves 0.25 kg/s eopper, how hot is the eopper as it comes out? 

Solution; 

C.V. Total ehamber, no external heat transfer 
Energy eq.: h hi ^i^ = + m^i^ 


^cu ( )cu ^air( )air 


m c (T -T ^ =m ‘ C (T-T^ 

'^cu V ^ e ^1 /cu ^^^air '^p airv ^ e ^ i /air 


Heat capacities from A.3 for copper and A.5 for air 


^ rx. rx. X ^air^p air ^ ^ ^ ^ 1.5 x1.004 

( Te - Ti )cu = ^ ( Tg - T; ^ ^5 ^ 0.42 

^cu^cu 


= -573.7 K 


Tg = T; - 573.7 = 1000 - 573.7 = 426.3 K 
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Mixing processes 
6.91 

An open feedwater heater in a powerplant heats 4 kg/s water at 100 kPa by 

mixing it with steam from the turbine at 100 kPa, 250‘^C. Assume the exit flow is 
saturated liquid at the given pressure and find the mass flow rate from the turbine. 

Solution; 


C.V. Feedwater heater. 


« « 

No external Q or W 


1 


*5 


2 




MIXING 

CHAMBER 





3 


Continuity Eq.6.9; 

mi + m 2 = m 3 


Energy Eq.6.10; 

• • 

mi hi + m 2 h 2 = 

• • • 

= m 3 h 3 = (mi+ m 2 )h 3 

State 1; 

Table B. 1.1 

h = hf = 188.42 kJ/kg at 45°C 

State 2; 

Table B. 1.3 

h 2 = 2974.33 kJ/kg 

State 3: 

Table B.1.2 

hs = hf = 417.44 kJ/kg at 100 kPa 

• 

. hi - h 3 _ 

188.42-417.44 _ , 




= 4 X 


417.44-2974.33 ^.358 kg/s 
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6.92 

A desuperheater mixes superheated water vapor with liquid water in a ratio that 
produces saturated water vapor as output without any external heat transfer. A 
flow of 0.5 kg/s superheated vapor at 5 MPa, 400°C and a flow of liquid water at 
5 MPa, 40°C enter a desuperheater. If saturated water vapor at 4.5 MPa is 
produced, determine the flow rate of the liquid water. 


Solution; 


Continuity Eq.; 

Energy Eq.6.10; 
Table B.l 


mi + m2 


i 


i 



Sat. vapor 


m3 



rhihi + m2h2 = in3h3 


0.5 X 3195.7 + m 2 X 171.97 = (0.5 + m 2 ) 2797.9 

=> rh 2 = 0,0757 kg/s 
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6.93 

Two air flows are combined to a single flow. Flow one is 1 m^/s at 20®C and the 

other is 2 m^/s at 200”C both at 100 kPa. They mix without any heat transfer to 
produce an exit flow at 100 kPa. Neglect kinetic energies and find the exit 
temperature and volume flow rate. 

Solution; 

• • • 

Cont. m; = mg = m 

• • • 

Energy m^h^ + m 2 h 2 = m 3 h 3 

• • 

= (mi + m 2 )h 3 

• • 

mi (h3 -hi) + m2 (h3 -h2) = 0 

miCp(T 3 -Ti) + m 2 Cp( T 3 -T 2 ) = 0 
T 3 = (mi/m 3 )/Ti + (m2/m3)T2 

We need to find the mass flow rates 

vi = RTi/Pi = (0.287 X 293)/100 = 0.8409 m^/kg 

V 2 = RT 2 /P 2 = (0.287 X 473)/100 = 1.3575 m^/kg 



Mixing section 



1 

0.8409 


1.1892 



V 2 _ 2 

V 2 1.3575 


1.4733 



• • • 

m 3 = mi+ m 2 = 2.6625 kg/s 


T, = 


1 1892 1 4733 

X 20 + X 200 = 119.6" C 


3 2.6625 


2.6625 


V3 


RT 3 0.287 (119.6 + 273) . 

= 77 =- 100 - = 1 - 1 268 m^/kg 


V 3 = m 3 V 3 = 2.6625 X 1.1268 = 3.0 m^/s 
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6.94 

A mixing chamber with heat transfer reeeives 2 kg/s of R-22 at 1 MPa, 40°C in one 
line and 1 kg/s of R-22 at 30°C, quality 50% in a line with a valve. The outgoing 
flow is at 1 MPa, 60°C. Find the rate of heat transfer to the mixing chamber. 

Solution; 

C.V. Mixing ehamber. Steady with 2 flows in and 1 out, heat transfer in. 


3 


Q 


Continuity Eq.6.9: mj + rh 2 = m 3 ; => 

• • • • 

Energy Eq.6.10; m^hi + m 2 h 2 + Q = ni 3 h 3 
Properties: TableB.4.2: h^ = 271.04 kJ/kg, 

Table B.4.1: h 2 = 81.25 + 0.5 x 177.87 = 170.18 kJ/kg 

Energy equation then gives the heat transfer as 

Q = 3 x 286.973-2 x 271.04- 1 X 170.18 = 148.66 kW 




m 3 = 2 + 1 = 3 kg/s 


h 3 = 286.97 kJ/kg 
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6.95 

Two flows are mixed to form a single flow. Flow at state 1 is 1.5 kg/s water at 
400 kPa, lOO'^C and flow at state 2 is 500 kPa, lOO'^C. Which mass flow rate at 
state 2 will produce an exit 13 = 150‘^C if the exit pressure is kept at 300 kPa? 

Solution; 

C.V. Mixing chamber and valves. Steady state no heat transfer or work terms. 

Continuity Eq.6.9: mj + m 2 = m 3 

• • • • • 

Energy Eq.6.10; niihi + m 2 h 2 = ni 3 h 3 = (mi+ m 2 )h 3 



1 



2 




MIXING 


CHAMBER 



Properties Table B. 1.3 

Table B. 1.4 


h^ = 2860.51 kJ/kg; 


h 2 = 419.32 kJ/kg 


hi -h3 


= 1.5 X 


2860.51 -2760.95 
2760.95-419.32 



= 0,0638 kg/s 
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6.96 

An insulated mixing chamber receives 2 kg/s R-134a at 1 MPa, 100°C in a line 
with low velocity. Another line with R-134a as saturated liquid 60°C flows 
through a valve to the mixing chamber at 1 MPa after the valve. The exit flow is 
saturated vapor at 1 MPa flowing at 20 m/s. Find the flow rate for the second line. 


Solution; 

C.V. Mixing chamber. Steady state, 2 inlets and 1 exit flow. 

Insulated q = 0, No shaft or boundary motion w = 0. 

Continuity Eq.6.9; mj + m 2 = m 3 ; 

• • • 12 

Energy Eq. 6 .10: m]hi+ 10 ^ 2^2 =m 3 (h 3 + 2 V 3 ) 

• 12 . 12 
m2(h2-h3-2V3 ) = mi(h3+2V3 -hi) 

1: Table B.5.2; 1 MPa, 100°C, hi = 483.36 kJ/kg 
2:TableB.5.1: x = 0, 60°C, h 2 = 287.79 kJ/kg 
3: Table B.5.1: x = 1, 1 MPa, 20 m/s, h 3 = 419.54 kJ/kg 

Now solve the energy equation for ni 2 

1 1 1 20 ^ 
m 2 = 2 X [419.54 + 2 20^ x - 483.36] / [287.79 - 419.54 - 2 

= 2 X (-63.82 + 0.2) / (-131.75 - 0.2) = 0.964 kg/s 

Notice how kinetic energy was insignificant. 




V 
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6.97 

To keep a jet engine eool some intake air bypasses the combustion chamber. 
Assume 2 kg/s hot air at 2000 K, 500 kPa is mixed with 1.5 kg/s air 500 K, 500 
kPa without any external heat transfer. Find the exit temperature by using 
constant heat capacity from Table A.5. 

Solution: 

C.V. Mixing Section 

Continuity Eq. 6 .9: rhi + m 2 = 1113 => 1113 = 2 + 1.5 = 3.5 kg/s 

• • • 

Energy Eq. 6 .10: rn^hi + m 2 h 2 = m 3 h 3 

• • , 

h3 = (m^h^ + m2h2) / m3 ; 

For a constant specific heat divide the equation for h 3 with Cp to get 

ih] m 2 2 15 

T 3 = — Tj + — T 2 = ^ 2000 + ^ 500 = 1357 K 



Mixing section 
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6.98 

To keep a jet engine cool some intake air bypasses the combustion chamber. 
Assume 2 kg/s hot air at 2000 K, 500 kPa is mixed with 1.5 kg/s air 500 K, 500 
kPa without any external heat transfer. Find the exit temperature by using values 
from Table A. 7. 


Solution; 

C.V. Mixing Section 

Continuity Eq. 6 .9: mj + m 2 = m 3 => m 3 = 2 + 1.5 = 3.5 kg/s 

• • • 

Energy Eq. 6 .10; ^ 11^1 + ni 2 h 2 = m 3 h 3 

• • , 

h3 = (m^h^ + m2h2) / m3 ; 

Using A.7 we look up the h at states 1 and 2 to calculate h 3 


mi 


m2 


2 


h3=~hi + —h 2 = 3 5 
m3 m3 


2251.58 + 1^503.36= 1502 kJ/kg 


Now we can backinterpolate to find at what temperature do we have that h 

1502- 1455.43 

T 3 - 1350 + 50 i515_27 - 1455.43 “ ^ 


This procedure is the most accurate. 



Mixing section 
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Multiple Devices, Cycle Processes 


6.99 

The following data are for a simple steam power plant as shown in Fig. P6.99. 


State 

1 

2 

3 

4 

5 

6 

7 

PMPa 

6.2 

6.1 

5.9 

5.7 

5.5 

0.01 

0.009 

H 

0 

0 


45 

175 

500 

490 


40 

h kJ/kg 

- 

194 

744 

3426 

3404 

- 

168 


State 6 has = 0.92, and velocity of 200 m/s. The rate of steam flow is 25 kg/s, 

with 300 kW power input to the pump. Piping diameters are 200 mm from steam 
generator to the turbine and 75 mm from the condenser to the steam generator. 
Determine the velocity at state 5 and the power output of the turbine. 

Solution; 

Turbine A 5 = ( 7 r/ 4 )( 0 . 2)2 = 0.031 42 m^ 


V 5 = mv 5 /A 5 = 25 X 0.061 63 / 0.031 42 = 49 m/s 


he = 191.83 + 0.92 X 2392.8 = 2393.2 kJ/kg 

WT = h5-h6+|(V5-Vg) 

= 3404 - 2393.2 + (49^ - 200^ )/(2 x 1000) = 992 kJ/kg 


Wj = ihwj = 25 X 992 = 24 800 kW 


Remark: Notice the kinetic energy change is small relative to enthalpy change. 
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6.100 

For the same steam power plant as shown in Fig. P6.99 and Problem 6.99, assume 
the cooling water comes from a lake at 15°C and is returned at 25°C. Determine 
the rate of heat transfer in the condenser and the mass flow rate of cooling water 
from the lake. 

Solution: 

Condenser A 7 = (7t:/ 4)(0.075)^ = 0.004 418 m^, V 7 = 0.001 008 m^/kg 

V 7 = mv 7 /A 7 = 25 X 0.001 008 / 0.004 418 = 5.7 m/s 
he = 191.83 + 0.92 X 2392.8 = 2393.2 kJ/kg 

qCOND = ^7 - he + 2 ( - Vg ) 

= 168 - 2393.2 + (5.7^ - 200^ )/(2xl000) = -2245.2 kJ/kg 
Qcond = 25 X (-2245.2) = -56 130 kW 

This rate of heat transfer is carried away by the cooling water so 


• • 

“Qcond = niH2o(hout “ hin)H20 = 56 130 kW 



mH20 


104.9 - 63.0 
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6.101 

For the same steam power plant as shown in Fig. P6.99 and Problem 6.99, 
determine the rate of heat transfer in the eeonomizer, whieh is a low temperature 
heat exchanger. Find also the rate of heat transfer needed in the steam generator. 

Solution; 

Economizer Ay = TrDyM = 0.004 418 vc?, vy = 0.001 008 m^/kg 

Vy = Vy = mvy/Ay = 25 X 0.001 008/0.004 418 = 5.7 m/s, 

V 3 = {Y 3 /Y 2 W 2 = (0-001 118/ 0.001 008) 5.7 = 6.3 m/s « Vy 

so kinetic energy change unimportant 

Oecon = 113-112 = 744 - 194 = 550.0 kJ/kg 

Qecon = liiOECON = 25 (550.0) = 13 750 kW 
Generator A 4 = 71 : 04/4 = 0.031 42 m^, V 4 = 0.060 23 m^/kg 

V 4 = mv 4 /A 4 = 25 X 0.060 23/0.031 42 = 47.9 m/s 
Ogen = 3426 - 744 + (47.9^ - 6.32)/(2xl000) = 2683 kJ/kg 

Qgen = liiqGEN = 25 X (2683) = 67 075 kW 
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6.102 

A somewhat simplified fiow diagram for a nuelear power plant shown in Fig. 1.4 
is given in Fig. P6.102. Mass fiow rates and the various states in the cycle are 
shown in the accompanying table. The cycle includes a number of heaters in 
which heat is transferred from steam, taken out of the turbine at some 
intermediate pressure, to liquid water pumped from the condenser on its way to 
the steam drum. The heat exchanger in the reactor supplies 157 MW, and it may 
be assumed that there is no heat transfer in the turbines. 

a. Assume the moisture separator has no heat transfer between the 
two turbinesections, determine the enthalpy and quality {h^, x^). 

b. Determine the power output of the low-pressure turbine. 

c. Determine the power output of the high-pressure turbine. 

d. Find the ratio of the total power output of the two turbines to the total power 
delivered by the reactor. 

Solution: 


a) Moisture Separator, steady state, no heat transfer, no work 

Mass: m 3 = 1114 + 1119 , Energy: m 3 h 3 = m 4 h 4 + m 9 h 9 ; 

62.874 X 2517 = 58.212 xh 4 +4.662 x 558 ^ h 4 = 2673.9 kJ/kg 

h 4 = 2673.9 = 566.18 + X 4 X 2160.6 => X 4 = 0.9755 

b) Low Pressure Turbine, steady state no heat transfer 

Energy Eq.: m 4 h 4 = m 5 h 5 + m 8 h 8 + Wcv(lp) 

WcV(LP) = >^4^4 - “ 15^5 - 

= 58.212 X 2673.9 - 55.44 x 2279 - 2.772 x 2459 
= 22 489 kW = 22.489 MW 

c) High Pressure Turbine, steady state no heat transfer 

Energy Eq.: m 2 h 2 = m 3 h 3 + mi 2 hi 2 + + Wcv(hp) 

WcV(HP) = ^2^2 - >^3^3 - ^12^12' 1^17^17 

= 75.6 X 2765 - 62.874 x 2517 - 8.064 x 2517 - 4.662 x 2593 
= 18 394 kW = 18.394 MW 

d) p = (Whp + WlpVQreact = 40.883/157 = 0.26 
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6.103 

Consider the powerplant as deseribed in the previous problem. 

a. Determine the quality of the steam leaving the reaetor. 

b. What is the power to the pump that feeds water to the reaetor? 


Solution; 

a) Reactor: Cont.: 
Energy Eq.6.12: 


m 2 o ~ ^ 21 ’ Qcv ~ 157 MW 

QCV + >^20^20 = “121^21 


157 000 + 1386 X 1221 = 1386 x h2i 


h 2 i = 1334.3 = 1282.4 + X 2 i x 1458.3 

=> X21 = 0,0349 



b) C.V. Reactor feedwater pump 

• • • • • 

Cont. mi9 = m 2 o Energy Eq.6.12: ini9hi9 = mi9h2o + Wcv,P 

Table B. 1; hi 9 = h(277°C, 7240 kPa) = 1220 kJ/kg, h 2 o = 1221 kJ/kg 
Wcv,P = mi9(hi9 - h2o) = 1386(1220 - 1221) = -1386 kW 
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6.104 

A gas turbine setup to produce power during peak demand is shown in Fig. 
P6.104. The turbine provides power to the air compressor and the electric 
generator. If the electric generator should provide 5 MW what is the needed air 
flow at state 1 and the combustion heat transfer between state 2 and 3? 
Solution: 

1: 90kPa,290K; 2: 900 kPa, 560 K ; 3: 900 kPa, 1400 K 

4: lOOkPa, 850K; 


Wc in = ^2 - hi = 565.47 - 290.43 = 275.04 kJ/kg 
WTout = h3 - h4 = 1515.27 - 877.4 = 637.87 kJ/kg 
q H = h 3 - h 2 = 1515.27 - 565.47 = 949.8 kJ/kg 


• • • 

Wgi = mwj - mw^ 


m = Wei / ( wj - Wc ) = 


5000 

637.87 -275.04 


= 13.78 kg/s 


Qh = mqn = 13.78 x 949.8 = 13 088 kW = 13.1 MW 
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6.105 

A proposal is made to use a geothermal supply of hot water to operate a steam 
turbine, as shown in Fig. P6.105. The high-pressure water at 1.5 MPa, 180°C, is 
throttled into a flash evaporator chamber, which forms liquid and vapor at a lower 
pressure of 400 kPa. The liquid is discarded while the saturated vapor feeds the 
turbine and exits at 10 kPa, 90% quality. If the turbine should produce 1 MW, 
find the required mass flow rate of hot geothermal water in kilograms per hour. 


Solution; 

Separation of phases in flash-evaporator 
constant h in the valve flow so 

Table B.1.3: h^ = 763.5 kJ/kg 
hi = 763.5 = 604.74 + x x 2133.8 

^ X = 0.07439 = m2/rhi 
Table B.1.2: h 2 = 2738.6 kJ/kg; 



2 Sat. vap. 


4 


Sat. liq 
out 



h3 = 191.83 + 0.9 X 2392.8 = 2345.4 kJ/kg 


Energy Eq.6.12 for the turbine 


W = m2(h2 - h3) 


=> 


• 1000 ,,,,, , 
”^2 2738.6-2345.4 2.543 kg/s 


rhi = m 2 /x = 34.19 kg/s = 123 075 kg/h 
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6.106 

A R-12 heat pump cycle shown in Fig. P6.71 has a R-12 flow rate of 0.05 kg/s 
with 4 kW into the compressor. The following data are given 


State 

1 

2 

3 

4 

5 

6 

PkPa 

1250 

1230 

1200 

320 

300 

290 

U 

0 

H 

120 

no 

45 


0 

5 

h kJ/kg 

260 

253 

79.7 

- 

188 

191 


Calculate the heat transfer from the compressor, the heat transfer from the R-12 in 
the condenser and the heat transfer to the R-12 in the evaporator. 

Solution: 

CV: Compressor 

QcoMP = - hg) + WcOMP 

= 0.05 (260 - 191) - 4.0 = -0.55 kW 
CV: Condenser 


Qcond = m (h3-h2) = 0.05 (79.7 - 253) = -8.665 kW 

CV: Evaporator h 4 = h 3 = 79.7 kJ/kg (from valve) 

Qevap = m (h5- h4) = 0.05 (188 - 79.7) = 5.42 kW 
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6.107 

A modern jet engine has a temperature after combustion of about 1500 K at 3200 
kPa as it enters the turbine setion, see state 3 Fig. P.6.107. The compressor inlet is 
80 kPa, 260 K state 1 and outlet state 2 is 3300 kPa, 780 K; the turbine outlet state 
4 into the nozzle is 400 kPa, 900 K and nozzle exit state 5 at 80 kPa, 640 K. 
Neglect any heat transfer and neglect kinetic energy except out of the nozzle. Find 
the compressor and turbine specific work terms and the nozzle exit velocity. 

Solution; 

The compressor, turbine and nozzle are all steady state single flow devices 
and they are adiabatic. 

We will use air properties from table A.7.1: 

hi =260.32, h 2 = 800.28, h 3 = 1635.80, h 4 = 933.15, h 5 = 649.53 kJ/kg 

Energy equation for the compressor gives 

Wc in = ^2 - hi = 800.28 - 260.32 = 539.36 kJ/kg 
Energy equation for the turbine gives 

wj = h 3 - h 4 = 1635.80 - 933.15 = 702.65 kJ/kg 

Energy equation for the nozzle gives 

h4 = hs + '/, V; 

'/2 Vj = h 4 - hj = 933.15 - 649.53 = 283.62 kJ/kg 

V 5 = [2( h 4 - h 5 ) ] = ( 2 x 283.62 xlOOO ) ^2 = 753 m/s 
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Transient processes 


6.108 

A 1-m , 40-kg rigid steel tank eontains air at 500 kPa, and both tank and air are at 
20°C. The tank is eonneeted to a line flowing air at 2 MPa, 20°C. The valve is 
opened, allowing air to flow into the tank until the pressure reaehes 1.5 MPa and 
is then elosed. Assume the air and tank are always at the same temperature and 
the final temperature is 35°C. Find the final air mass and the heat transfer. 

Solution; 

Control volume: Air and the steel tank. 


Continuity Eq.6.15; m 2 - m^ = mj 

Energy Eq.6.16: (m2U2 - miUi)AiR + msT(u2 - ui)st = + 1 Q 2 


_P^ 

^^1 AIR 


500 X 1 
0.287 X 293.2 


= 5.94 kg 


P 2 V 1500 x1 

^2 AIR - RX 2 “ 0.287 X 308.2 “ 

mi = (m 2 - rni)AjR= 16.96 - 5.94 = 11.02 kg 

The energy equation now gives 

1 Q 2 = (^ 2^2 - I^I^OaIR + niST(U 2 ■ Ul)sT " 

= mi(u2 - Ui) + mi(u2 - Ui - RTj) + msTCsT(T2 - Ti) 

- miC^(T2 - Ti) + mj[C^(T2 - T) - RT,] + msTCsT(T2 - Ti) 

= 5.94 X 0.717(35 - 20) + 11.02[0.717(35 - 20) - 0.287x 293.2] 
+ 40 X 0.46(35 - 20) 

= 63.885 -808.795 + 276 

= - 468.9 kJ 
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6.109 

An evacuated 150-L tank is connected to a line flowing air at room temperature, 
25°C, and 8 MPa pressure. The valve is opened allowing air to flow into the tank 
until the pressure inside is 6 MPa. At this point the valve is closed. This Ailing 
process occurs rapidly and is essentially adiabatic. The tank is then placed in 
storage where it eventually returns to room temperature. What is the flnal pressure? 

Solution; 

C.V. Tank; 

Continuity Eq.6.15; m; = m 2 

Energy Eq.6.16; mjhi = m 2 U 2 => ^2 = h; 

Use constant speciflc heat Cp^ from table A.5 then energy equation; 

T 2 = (Cp/Cy) Ti = kTi= 1.4 X 298.2 = 417.5 K 
Process; constant volume cooling to T 3 ; 

P 3 = P 2 X T 3 /T 2 = 6.0 X 298.15/ 417.5 = 4.29 MPa 
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6.110 

An initially empty bottle is filled with water from a line at 0.8 MPa, 350*^C. 
Assume no heat transfer and that the bottle is elosed when the pressure reaehes 
the line pressure. If the final mass is 0.75 kg find the final temperature and the 
volume of the bottle. 

Solution; 

C.V. Bottle, transient proeess with no heat transfer or work. 

Continuity Eq.6.15; m 2 - m^ = mjjj; 

Energy Eq.6.16; m 2 U 2 - m^ui = - m^jj h^jj 

State 1; m^ = 0 => rn 2 = m^jj and U 2 = hjjj 

Line state: Table B.1.3: hj^ = 3161.68 kJ/kg 

State 2: P 2 = Pune = 800 kPa, U 2 = 3161.68 kJ/kg from Table B. 1.3 


T 2 = 520°C and Vj ^ 0.4554 m^/kg 


V 2 = m2V2 = 0.75 X 0.4554 = 0,342 m 
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6.111 

A 25-L tank, shown in Fig. P6.111, that is initially evacuated is connected by a 
valve to an air supply line flowing air at 20°C, 800 kPa. The valve is opened, and 
air flows into the ta nk until the pressure reaches 600 kPa.Determine the final 
temperature and mass inside the tank, assuming the process is adiabatic. Develop 
an expression for the relation between the line temperature and the final 
temperature using constant specific heats. 

Solution: 

C.V. Tank: 

Continuity Eq. 6.15: m 2 = mj 
Energy Eq.6.16: m 2 U 2 = mihi 

Table A.7: U 2 = hj = 293.64 kJ/kg 

^ T 2 = 410.0 K 



_ P 2 V _ 600 X 0.025 
- RT 2 “ 0.287 X 410 


0.1275 kg 


Assuming constant specific heat, 

hi = Ui + RTi = U2 , RTi = U2 - Ui = Cvo(T2 - Ti) 


/ 


CvoT2 = ( Cvo + R )Ti = CpoTi , T 2 = 


C 




Po 


C 

V'^voy 


Ti = kTi 


For Ti = 293.2K & constant Cp^, T 2 = 1.40x293.2 = 410.5 K 
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6.112 

'7 

Helium in a steel ta nk is at 250 kPa, 300 K with a volume of 0.1 m . It is used to 
fill a balloon. When the ta nk pressure drops to 150 kPa the flow of helium stops 
by itself If all the helium still is at 300 K how big a balloon did I get? Assume 
the pressure in the balloon varies linearly with volume from 100 kPa (V = 0) to 
the final 150 kPa. How much heat transfer did take place? 


Solution; 

Take a C.V. of all the helium. 

This is a control mass, the ta nk mass 
changes density and pressure. 


Energy Eq.: U 2 - Ui = 1 Q 2 - 1 W 2 

Process Eq.; P=100 + CV 
State 1; Pi,Ti,Vi 

State 2; P 2 , T 2 , V 2 = ? 

Ideal gas; 

P2 V2 = mRT 2 = mRT^ = PiV^ 



V 2 = Vi(Pi/P 2 ) = O.lx (250/150) = 0.16667 m^ 


Vbal = V2-Vi = 0.16667-0.1 =0.06667 m^ 



1W2 = ! P dV = AREA = 1/2 ( Pi + P2 )( V2 -Vi ) 

= Vii 250 + 150) X 0.06667 = 13.334 kJ 

U 2 “ Ui = 1 Q 2 - 1 W 2 = m (u 2 -Ui) = mCy ( T 2 -Ti ) = 0 

so 1 Q 2 = 1 W 2 = 13.334 kJ 


Remark; The process is transient, but you only see the flow mass if you 
select the ta nk or the balloon as a control volume. That analysis leads to 
more terms that must be elliminated between the tank control volume and 
the balloon control volume. 
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6.113 

A rigid 100-L tank contains air at 1 MPa, 200°C. A valve on the tank is now 
opened and air flows out until the pressure drops to 100 kPa. During this proeess, 
heat is transferred from a heat souree at 200°C, sueh that when the valve is 
elosed, the temperature inside the tank is 50°C. What is the heat transfer? 

Solution: 

1 : 1 MPa, 200°C, mj = PiVi/RTj = 1000 x 0.1/(0.287 x 473.1) = 0.736 kg 

2 : 100 kPa, 50°C, m 2 = P 2 V 2 /RT 2 = 100 x 0.1/(0.287 x 323.1) = 0.1078 kg 

Continuity Eq.6.15: mg^ = m^ - m 2 = 0.628 kg. 

Energy Eq.6.16: ni 2 U 2 - m^ui = - mg^ hg^ + 1 Q 2 

Table A.7: u^ = 340.0 kJ/kg, U 2 = 231.0 kJ/kg, 

he ave = (hi + h2)/2 = (475.8 + 323.75)/2 = 399.8 kJ/kg 

1 Q 2 = 0.1078 X 231.0 - 0.736 x 340.0 + 0.628 x 399.8 = +25.7 kJ 
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6.114 

'7 

A 1-m tank contains ammonia at 150 kPa, 25°C. The ta nk is attached to a line 
flowing ammonia at 1200 kPa, 60°C. The valve is opened, and mass flows in until 
the tank is half full of liquid, by volume at 25°C. Calculate the heat transferred 
from the tank during this process. 

Solution; 

C.V. Tank. Transient process as flow comes in. 

State 1 Table B.2.2 interpolate between 20 °C and 30°C: 

v^ = 0.9552 m^/kg; u^ = 1380.6 kJ/kg 

mi = V/vi = 1/0.9552 = 1.047 kg 

State 2; 0.5 m^ liquid and 0.5 m^ vapor from Table B.2.1 at 25°C 
Vf = 0.001658 m^/kg; Vg = 0.12813 m^/kg 

mLiQ2 = 0.5/0.001658 = 301.57 kg, mvAP2 ^ 0.5/0.12813 = 3.902 kg 

m2 = 305.47 kg, X2 = mvAP2/i^2 ^ 0.01277, 

From continuity equation 

mi = m2 - mi = 304.42 kg 

Table B.2.1: U 2 = 296.6 + 0.01277 x 1038.4 = 309.9 kJ/kg 
State inlet; Table B.2.2 hj = 1553.3 kJ/kg 
Energy Eq.6.16; 

Qcv + niihi = m2U2 - miui 

Qcv = 305.47 X 309.9 - 1.047 x 1380.6 - 304.42 x 1553.3 = -379 636 kJ 
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6.115 

An empty cannister of volume 1 L is filled with R-134a from a line flowing 

saturated liquid R-134a at 0”C. The filling is done quickly so it is adiabatic. How 
much mass of R-134a is there after filling? The cannister is placed on a storage 

shelf where it slowly heats up to room temperature 20®C. What is the final 
pressure? 


C.V. cannister, no work and no heat transfer. 

Continuity Eq.6.15; m 2 = mj 

Energy Eq.6.16: rn 2 U 2 - 0 = mjhj = mjhjjjjg 

Table B.5.1; hjjjjg = 200.0 kJ/kg, Pjjjjg = 294 kPa 

Prom the energy equation we get 

U2 = hjijjg = 200 kJ/kg > Uf = 199.77 kJ/kg 
State 2 is two-phase P 2 = Piine = 294 kPa and T 2 = 0°C 


U2-Uf 



200- 199.77 
178.24 


0.00129 


V 2 = 0.000773 + X 2 0.06842 = 0.000861 m^/kg 


m 2 = V/v2 = 0.01/0.000861 = 11.61 kg 


At20°C: Vf= 0.000817 m^/kg<V 2 so still two-phase 

P = Psat = 572.8 kPa 
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6.116 

A piston cylinder contains 1 kg water at 20*^C with a constant load on the piston 
such that the pressure is 250 kPa. A nozzle in a line to the cylinder is opened to 
enable a flow to the outside atmosphere at 100 kPa. The process continues to half 
the mass has flowed out and there is no heat transfer. Assume constant water 
temperature and find the exit velocity and total work done in the process. 

Solution: 

C.V. The cylinder and the nozzle. 

Continuity Eq.6.15: m 2 - m^ = - m^ 

1 2 

Energy Eq.6.16: ^ 2^2 ' ^ ‘ i^e(^^e 2^e ^ ‘ 1^2 

Process: P = C => 1 W 2 =/P dV = P(V 2 - Vi) 

State 1: Table B.1.1, 20°C => vi = 0.001002, ui = 83.94 kJ/kg 

State 2: Table B. 1.1, 20 ‘^C => V 2 = Vi, U 2 =ui; 

m 2 = mi/2 = 0.5 kg => V2 = Vi/2 
1 W 2 = P(V2 - Vi) = 250 (0.5 - 1) 0.001002 = -0.125 kJ 

Exit state: Table B.1.1, 20*^C => hg = 83.94 kJ/kg 

Solve for the kinetic energy in the energy equation 

1 2 

2^e = [miui - m2U2 - rnghg - iW2]/me 

= [1 X 83.94 - 0.5 X 83.94 - 0.5 x 83.94 + 0.125] / 0.5 
= 0.125/0.5 = 0.25 kJ/kg 

V = -\j2 X 0.25 X 1000 = 22.36 m/s 
All the work ended up as kinetic energy in the exit flow. 
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6.117 

A 200 liter tank initially contains water at 100 kPa and a quality of 1%. Heat is 
transferred to the water thereby raising its pressure and temperature. At a pressure 
of 2 MPa a safety valve opens and saturated vapor at 2 MPa flows out. The 
process continues, maintaining 2 MPa inside until the quality in the tank is 90%, 
then stops. Determine the total mass of water that flowed out and the total heat 
transfer. 


Solution; 

C.V. Tank, no work but heat transfer in and flow 
out. Denoting State 1: initial state. State 2; valve 
opens. State 3: final state. 

Continuity Eq.; m 3 - m^ = - mg 

Energy Eq.; 1113 U 3 - m^u^ = - mghg + JQ 3 



State 1 Table B.1.2; 


State 3 (2MPa); 


Exit state (2MPa); 


vi = Vf + xjVfg = 0.001043 + 0.01x1.69296 
= 0.01797 m^/kg 

Ui = Uf + xjUfg = 417.33 + 0.01x2088.72 = 438.22 kJ/kg 

mi = V/vi = 0.2 m3/(0.01797 m^/kg) = 11.13 kg 

V 3 = Vf+ X 3 Vfg = 0.001177 + 0.9x0.09845 = 0.8978 m^/kg 
U 3 = Uf + X 3 Ufg= 906.42 + 0.9x1693.84 = 2430.88 kJ/kg 

m 3 = V/v 3 = 0.2 m3/(0.08978 m^/kg) = 2.23 kg 
hg = hg = 2799.51 kJ/kg 


Hence; 


mg = mi - m 3 = 11.13 kg - 2.23 kg = 8,90 kg 


Applying the 1 st law between state 1 and state 3 

1Q3 = m3U3 - miui + mghg 


= 2.23 X 2430.88 - 11.13 x 438.22 + 8.90 x 2799.51 
= 25 459 kJ = 25.46 MJ 
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6.118 

A 100-L rigid tank contains carbon dioxide gas at 1 MPa, 300 K. A valve is 
craeked open, and earbon dioxide escapes slowly until the tank pressure has 
dropped to 500 kPa. At this point the valve is closed. The gas remaining inside the 
tank may be assumed to have undergone a polytropic expansion, with polytropic 
exponent n= 1.15. Find the final mass inside and the heat transferred to the tank 
during the proeess. 

Solution; 


Ideal gas law and value from table A. 5 


_ PlV _ 1000 X 0.1 

“^1 “RTi “0.18892 X 300 


1.764 kg 


Polytropie process and ideal gas law gives 





2 


P 




(n-l)/n 6 500^ 

1000 


V 


(0.15/1.15) 


= 274K 




P 2 V 500 X 0.1 . 

”^2 - RT 2 “ 0.18892 X 274 “ 


Energy Eq.6.16; 

Qcv = ^ 2^2 - miui + rnghg avg 

= m2CvoT2 - miCvoTi + (mi - m2)Cpo(Ti + T2)/2 

= 0.966 X 0.6529 x 274 - 1.764 x 0.6529 x 300 
+ (1.764 - 0.966) X 0.8418 x(300 + 274)/2 = +20.1 kJ 
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6.119 

A nitrogen line, 300 K and 0.5 MPa, shown in Fig. P6.119, is connected to a 

turbine that exhausts to a closed initially empty tank of 50 m . The turbine 
operates to a tank pressure of 0.5 MPa, at which point the temperature is 250 K. 
Assuming the entire process is adiabatic, determine the turbine work. 

Solution; 

C.V. turbine & tank ^ Transient process 

Conservation of mass Eq.6.15; m; = m 2 ^ m 

Energy Eq.6.16; mjhi = m 2 U 2 + W^y ; W^y = m(hi - U 2 ) 

Table B.6.2; P; = 0.5 MPa, T; = 300 K, Nitrogen; h; = 310.28 kJ/kg 

2 ;P2 = 0.5MPa, T 2 = 250 K, U 2 = 183.89 kJ/kg, V 2 = 0.154 m^/kg 

m 2 = V/V2 = 50/0.154 = 324.7 kg 
Wcy = 324.7 (310.28 - 183.89) = 41 039 kJ = 41.04 MJ 



We could with good accuracy have solved using ideal gas and Table A.5 
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6.120 

A 2 m tall cylinder has a small hole in the bottom. It is filled with liquid water 1 
m high, on top of whieh is 1 m high air eolumn at atmospherie pressure of 100 
kPa. As the liquid water near the hole has a higher P than 100 kPa it runs out. 
Assume a slow process with eonstant T. Will the flow ever stop? When? 

New fig. 

Solution: 


^bot ^air 


For the air PV = mRT 

Pair = mRTWair i Vair = A Lair = A ( H-Liiq ) 



maRaXa 


PalVal 

A(H-Liiq) + Pliq gLf 



Palpal 

H-Lf 


+ Pliq gLf > 


Solve for Liiq ; piiq= l/(vf) = 1/0.0021002= 998 kg/m^ 

PaiLai + pgLf(H-Lf)> P(H-Lf) 

(pgH + Pq ) Lf- pgL\= Pq H + Pal Lai ^ 0 

Put in numbers and solve quadratic eq. 


o P(.H-Pj,i Lj,i 

L^f - ( H +(Pr,/pg) ) Lf +-= 0 


Pg 


L^f- 12.217 Lf+ 10.217 = 0 


(Po/pg) = 


100 kPa m^ s^ 

998 x9.807 kg m 


= 10.217 m 


PpH+PaiLai 100 (2-1) 

= nno n om = 10.217 m 
pg 998x9.807 


i 


1 m 


1 m 


t 



12.217 42.217^ 12.217,1/7 

Lf = — 2 —- A -■— A —] ^ =6.1085 x 5.2055 


4 


4 


=>11.314 or 0.903 m 


Verify 

Pa2 ~ Pal- H-Lf ~ 2 - 0.903 ~ 91.158 kPa 

pgLf = 998 X 9.807 x 0.903 = 8838 Pa = 8.838 kPa 
Pbot = Pa2 + PgLf = 91.158 + 8.838 = 99.996 kPa OK 
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6.121 

'J 

A 2-m insulated vessel, shown in Fig. P6.121, contains saturated vapor steam at 
4 MPa. A valve on the top of the tank is opened, and steam is allowed to escape. 
During the process any liquid formed collects at the bottom of the vessel, so that 
only saturated vapor exits. Calculate the total mass that has escaped when the 
pressure inside reaches 1 MPa. 

Solution; 

C.V. Vessel; Mass flows out. 

Continuity Eq.6.15; mg = m^ - m 2 

Energy Eq.6.16; m 2 U 2 - m^ui = - (mi-m 2 )hg or m 2 (hg-U 2 ) = mi(hg-ui) 
Average exit enthalpy hg « (hQi+hQ2y2 = (2801.4+2778.l)/2 = 2789.8 
State 1; mj = V/v^ = 40.177 kg, m 2 = V/v 2 

Energy equation ^ ;^(2789.8-U2) = 40.177(2789.8-2602.3) = 7533.19 


But V 2 = .001 127+ .193 313 x 2 and U 2 = 761.7 + 1822 X 2 

Substituting and solving, X 2 = 0.7936 

^ m 2 = V/v2 = 12.94 kg, mg = 27,24 kg 



Sat. vapor 
out 


Vapor 

Liquid 




















Sonntag, Borgnakke and van Wylen 


6.122 

A 750-L rigid tank, shown in Fig. P6.122, initially contains water at 250°C, 50% 
liquid and 50% vapor, by volume. A valve at the bottom of the tank is opened, 
and liquid is slowly withdrawn. Heat transfer takes place such that the 
temperature remains eonstant. Find the amount of heat transfer required to the 
state where half the initial mass is withdrawn. 

Solution: 

C.V. vessel 


Continuity Eq.6.15: m 2 - m^ = - m^ 

Energy Eq.6.16: m 2 U 2 - m^ui = Q^y “ nighe 


State 1: 


0.375 _ 0.375 

“^LIQI = 0.001251 ^ 299.76 kg; myAPi = o.05013 ^ 2-48 kg 


miui = 299.76 x 1080.37 + 7.48 x 2602.4 = 343 318 kJ 
mi= 307.24 kg; m^ = m 2 = 153.62 kg 
0.75 

State 2: V 2 = ^53 52 ^ 0.004882 = 0.001251 + X 2 x 0.04888 

X 2 = 0.07428 ; U 2 = 1080.37 + 0.07428 x 1522 = 1193.45 kJ/kg 


Exit state: hg = hf = 1085.34 kJ/kg 

Energy equation now gives the heat transfer as 

Qcv = ^ 2^2 - miui + mghg 


= 153.62 X 1193.45-343 318 + 153.62 X 1085.34 = 6750 kJ 
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6.123 

Consider the previous problem but let the line and valve be located in the top of 
the tank. Now saturated vapor is slowly withdrawn while heat transfer keeps the 
temperature inside constant. Find the heat transfer required to reach a state where 
half the original mass is withdrawn. 


Solution; 

C.V. vessel 

Continuity Eq.6.15; m 2 - m^ = - m^ 


Energy Eq.6.16; m 2 U 2 - m^ui = Q^y “ nie^^e 


State 1; 


“iLIQl 


0.375 _ 0.375 

0.001251 " 299.76 kg; myAPi = 0.05013 " 2-48 kg 


miui = 299.76 x 1080.37 + 7.48 x 2602.4 = 343 318 kJ 
mi= 307.24 kg; m^ = m 2 = 153.62 kg 
0.75 

State 2; V 2 = ^53 52 ^ 0.004882 = 0.001251 + X 2 x 0.04888 

X 2 = 0.07428 ; U 2 = 1080.37 + 0.07428 x 1522 = 1193.45 kJ/kg 


Exit state; hg = hg = 2801.52 kJ/kg 
Energy equation now gives the heat transfer as 

Qcv = ^ 2^2 - miui + rnghg 


= 153.62 X 1193.45-343 318 + 153.62 x 2801.52 =270 389 kJ 



Sat. vapor 
out 


Vapor 

Liquid 
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Review Problems 

6.124 

Two kg of water at 500 kPa, 20‘^C is heated in a eonstant pressure proeess to 
1700*^C. Find the best estimate for the heat transfer. 

Solution; 

C.V. Heater; steady state 1 inlet and exit, no work term, no AKE, APE . 

• • • 

Continuity Eq.: mjj^ = mg^ = rn. 

Energy Eq.6.13: q + hin = hgx ^ q = hgx-hin 

steam tables only go up to 1300®C so use an intermediate state at lowest 
pressure (elosest to ideal gas) hx(1300®C, 10 kPa) from Table B.1.3 and table 
A.8 for the high T ehange Ah 

bex ■ bin ~ (bex " bx) (bx " bjn) 

= (71 423-51 629)/18.015 + 5409.7 - 83.96 = 6424.5 kJ/kg 
Q = m(hgx - hjn) = 2 X 6424.5 = 12 849 kJ 
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6.125 

In a glass factory a 2 m wide sheet of glass at 1500 K eomes out of the final 
rollers that fix the thiekness at 5 mm with a speed of 0.5 m/s. Cooling air in the 

amount of 20 kg/s eomes in at 17°C from a slot 2 m wide and flows parallel with 
the glass. Suppose this setup is very long so the glass and air comes to nearly the 
same temperature (a eo-flowing heat exehanger) what is the exit temperature? 


Solution: 


Energy Eq.: rngi^ssh^j^^^ ^ + m^irhair 2 = ^glass^giass 3 + “^air^air 4 
^glass ^ ^ pAV = 2500x 2 x0.005x 0.5 = 12.5 kg/s 

’^glass^glass (^ 3 - 11 ) + rhair Cp J T 4 - T 2 ) = 0 

T 4 = T 3 , = 0.80 kJ/kg K, Cp^ = 1.004 kJ/kg K 

”^glass^glass + ”^air^Pa ^2 12.5x0.80x1500 + 20x1.004x290 


T, = 


rh , C , + m . 

glass glass air Pa 


12.5x0.80 + 20x1.004 


= 692.3 K 


We eould use table A.7.1 for air, but then it will be trial and error 
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6.126 

Assume a setup similar to the previous problem but the air flows in the opposite 
direction of the glass, it comes in where the glass goes out. How much air flow at 

17®C is required to cool the glass to 450 K assuming the air must be at least 120 
K cooler than the glass at any location? 

Solution; 

• • • • 

Energy Eq.; mih^ + m 4 h 4 = m 3 h 3 + m 2 h 2 

T 4 = 290 K and T 3 = 450 K 

^glass ^ ^ pAV = 2500x 2 x0.005x 0.5 = 12.5 kg/s 


T 2 < Ti - 120 K= 1380 K 

m = m4 = m2 = mij^ 

Eet us check the limit and since T is high use table A.7.1 for air. 


h 4 = 290.43 kJ/kg, h 2 = 1491.33 kJ/kg 


m = m 4 


• hi-h3 . C^iass(Tl-T3) 
"^2 = mi iTIi;—= mi 


2-iM 


h2-h4 


0.8 (1500-450 ) 
1491.33-290 


m = 12.5 ^ 8,743 kg/s 



2 





Air 


4 




00000000 


> 


3 
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6.127 

Three air flows all at 200 kPa are connected to the same exit duct and mix without 
external heat transfer. Flow one has 1 kg/s at 400 K, flow two has 3 kg/s at 290 K 
and flow three has 2 kg/s at 700 K. Neglect kinetic energies and find the volume 
flow rate in the exit flow. 

Solution: 

Continuity Eq. rh^+ rh 2 + m 3 = m 4 h 4 
Energy Eq.: riiihi + rh 2 h 2 = m 3 h 3 + m 4 h 4 
V 4 = m V 4 


mi m 2 m 3 1 3 2 

h 4 =-hi +-h 2 +-h 3 = g X 401.3 + g X 290.43 + ^ x 713.56 

m4 rh4 m4 

= 449.95 kJ/kg 

449 95 -441 93 

T 4 =440 + 20 462.34-441.93 = 

V 4 = RT 4 /P 4 = 0.287x447.86/200 = 0.643 m^/kg 


V 4 = 1114 V 4 = 6 X 0.643 = 3.858 m^/s 
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6.128 


Consider the power plant as described in Problem 6.102. 

a. Determine the temperature of the water leaving the intermediate pressure 
heater, T , assuming no heat transfer to the surroundings. 

b. Determine the pump work, between states 13 and 16. 


Solution: 

a) Intermediate Pressure Heater 

Energy Eq.6.10: riillhn + 1 ^ 12^12 + >^15^15 = iiii3hi3 + 

75.6x284.6 + 8.064x2517 + 4.662x584 = 75.6xhi3 + 12.726x349 

hi3 = 530.35 ^ Ti3 = 126.3°C 

b) The high pressure pump 

• • • 

Energy Eq.6.12: mi 3 hi 3 = mi^hig + Wcv,P 

WCv,P = mi3(hi3 - hi6) = 75.6(530.35 - 565) = -2620 kW 
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6.129 

Consider the powerplant as deseribed in Problem 6.102. 

a. Find the power removed in the eondenser by the cooling water (not shown). 

b. Find the power to the condensate pump. 

c. Do the energy terms balance for the low pressure heater or is there a 
heat transfer not shown? 

Solution: 

a) Condenser: 

Energy Eq.6.10: Qcv ’^lO^^lO ^ "^^6 

Qcv + 55.44 X 2279 + 20.16 x 142.51 = 75.6 x 138.3 
Qcv = -118 765 kW = -118.77 MW 

b) The condensate pump 

Wcv,P = m 6 (li 6 - 117 ) = 75.6(138.31 - 140) = -127.8 kW 

c) Eow pressure heater Assume no heat transfer 

• • • • • • 

mjqh^q + mghg + myhy + mghg = m^Qh^Q + m^ ^h^ \ 

EHS = 12.726x349 + 2.772x2459 + 75.6x140 + 4.662x558 = 24 443 kW 
RHS = (12.726 + 2.772 + 4.662) x 142.51 + 75.6 x 284.87 = 24 409 kW 

A slight imbalance, but OK. 
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6.130 

A 500-L insulated ta nk contains air at 40°C, 2 MPa. A valve on the tank is 
opened, and air escapes until half the original mass is gone, at which point the 
valve is closed. What is the pressure inside then? 


Solution; 


State 1; ideal gas 


mi =PiV/RTi 


2000 X 0.5 

0.287 X 313.2 


11.125 kg 


Continuity eq.6.15; m^ = mi - m 2 , m 2 = mi/2 ^ m^ = m 2 = 5.5625 kg 
Energy Eq.6.16; ni 2 U 2 - niiUi = - rnghg 

Substitute constant specific heat from table A.5 and evaluate the exit enthalpy 
as the average between the beginning and the end values 


5.5625x0.717 T 2 - 11.125x0.717x313.2 = - 5.5625x1.004 (313.2 + T2)/2 


Solving, T 2 = 239.4 K 



m2RT2 



5.5625 X 0.287 x 239.4 

0.5 


= 764 kPa 
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6.131 

A steam engine based on a turbine is shown in Fig. P6.131. The boiler tank has a 
volume of 100 L and initially contains saturated liquid with a very small amount 
of vapor at 100 kPa. Heat is now added by the burner, and the pressure regulator 
does not open before the boiler pressure reaches 700 kPa, which it keeps constant. 
The saturated vapor enters the turbine at 700 kPa and is discharged to the 
atmosphere as saturated vapor at 100 kPa. The burner is turned off when no more 
liquid is present in the as boiler. Find the total turbine work and the total heat 
transfer to the boiler for this process. 

Solution; 

C.V. Boiler tank. Heat transfer, no work and flow out. 

Continuity Eq.6.15; m 2 - m^ = - m^ 

Energy Eq.6.16: ni 2 U 2 - m^ui = Qcv ‘ nie^^e 

State 1; Table B.1.1, 100 kPa => Vi = 0.001 043, u^ = 417.36 kJ/kg 

=> mj =V/vi =0.1/0.001 043 = 95.877 kg 
State 2; Table B.1.1, 700 kPa => V 2 = Vg = 0.2729, U 2 = 2572.5 kJ/kg 

=> m 2 = V/vg = 0.1/0.2729 = 0.366 kg. 

Exit state: Table B.1.1, 700 kPa => he = 2763.5 kJ/kg 
From continuity eq.; m^ = m^ - m 2 = 95.511 kg 

Qcv = ^ 2^2 - miui + rnghg 

= 0.366 X 2572.5 - 95.877 x 417.36 + 95.511 x 2763.5 
= 224 871 kJ = 224.9 MJ 


C.V. Turbine, steady state, inlet state is boiler tank exit state. 

Turbine exit state: Table B.1.1, 100 kPa => he = 2675.5 kJ/kg 

Wturb = me (hin- hgx) = 95.511 x (2763.5 - 2675.5) = 8405 kJ 
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6.132 

An insulated spring-loaded piston/cyUnder, shown in Fig. P6.132, is connected to 
an air line flowing air at 600 kPa, 700 K by a valve. Initially the cylinder is empty 
and the spring force is zero. The valve is then opened until the cylinder pressure 

reaches 300 kPa. By noting that U 2 = uii^e + Cv(T2 “ and h^j^g - uii^e = 
RTline fmd an expression for T 2 as a function of P 2 , Pq, Time- With P = 100 kPa, 
find T 2 . 

Solution; 

C.V. Air in cylinder, insulated so 1 Q 2 = 0 
Continuity Eq.6.15; m 2 - = mjj^ 

Energy Eq.6.16: m 2 U 2 - miui = minhiine - 1 W 2 

mi = 0 ^ mjn = m 2 ; m2U2 = m2hiine ' | (^0 + P2)m2V2 

^ U2 +1 (Pq + P2)v2 = hiine 


Use constant specihc heat in the energy equation 


1 


Cv(T 2 ■ Tiine) ^line 2 ^^0 P 2 )P-T 2 /P 2 


with #'s: T 2 = ^ 


^ 1 Pq + P 2 

+ 2 P2 

R+Cv 


R 


T2 - (R + Cv)Tline 


Tiine; Cv/R=l/(k-l), k=1.4 


2 R + Cy 



k- 1 + 1 




3k 

2k + 1 


Tiine= 1.105 Tiine = 773.7 K 
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6.133 

A mass-loaded piston/cylinder, shown in Fig. P6.133, containing air is at 300 kPa, 

17°C with a volume of 0.25 m , while at the stops V= 1 m . An air line, 500 kPa, 
600 K, is connected by a valve that is then opened until a final inside pressure of 
400 kPa is reached, at which point 7= 350 K. Find the air mass that enters, the 
work, and heat transfer. 

Solution; 


C.V. Cylinder volume. 

Continuity Eq.6.15: m 2 - m^ = mjjj 


Energy Eq.6.16; m 2 U 2 - miui = minhiine + Qcv ' 1W2 

Process; Pj is constant to stops, then constant V to state 2 at P 2 


State 1; Pi, Tj 



300 X 0.25 
0.287 X 290.2 


= 0.90 kg 


State 2; 

Open to P 2 = 400 kPa, T 2 = 350 K 


m2 


400 X 1 
0.287 X 350 


mi = 3.982-0.90 = 3.082 kg 


Only work while constant P 

1 W 2 = Pi(V2 - Vi) = 300(1 - 0.25) = 225 kJ 

Energy Eq.; Qqy + mjhj = m 2 U 2 - niiUi + 1 W 2 



Qcv = 3.982 X 0.717 x 350 - 0.90 x 0.717 x 290.2 + 225 


- 3.082 X E004 X 600 = -819.2 kJ 


We could also have used the air tables A.7.1 for the u’s and hj. 
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6.134 

'J 

A 2-m storage tank contains 95% liquid and 5% vapor by volume of liquified 
natural gas (LNG) at 160 K, as shown in Fig. P6.65. It may be assumed that LNG 
has the same properties as pure methane. Heat is transferred to the tank and 
saturated vapor at 160 K flows into the a steady flow heater which it leaves at 300 
K. The process continues until all the liquid in the storage tank is gone. Calculate 
the total amount of heat transfer to the ta nk and the total amount of heat 
transferred to the heater. 


Solution: 

CV: Tank, flow out, transient. 
Continuity Eq.: m 2 - m^ = -mg 

Energy Eq.: 

QTank = m 2 U 2 - miui + mghg 
At 160 K, from Table B.7: 



mf=Vf/vf = 


0.95 X 2 
0.00297 


= 639.73 kg , m„ = V„/v„ = 


0.05 X 2 


g g 0.03935 


= 2.541kg 


m^ = 642.271 kg. 


m 2 = V/Vg 2 = 2/0.03935 = 50.826 kg 


miui = 639.73(-106.35) + 2.541(207.7) = -67507 kJ 
mg = mj - m 2 = 591.445 kg 


QTank = 50.826 x 207.7 - (-67 507) + 591.445 x 270.3 

= +237 931 kJ 

CV: Heater, steady flow, P = Pq ^50 K ^ 1593 kPa 

QHeater “ m^ Tank(l^e ‘ l^i)Heater 

= 591.445(612.9 - 270.3) = 202 629 kJ 
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Heat transfer problems 


6.135 

Liquid water at 80®C flows with 0.2 kg/s inside a square duet, side 2 em insulated 
with a 1 em thiek layer of foam k = 0.1 W/m K. If the outside foam surfaee is at 

25®C how much has the water temperature dropped for 10 m length of duct? 
Neglect the duct material and any corner effects (A = 4sL). 

Solution: 

Conduction heat transfer 


Qout 


dT 

dx 


= k 4 sL 


Ax 


= O.lx 4x0.02xl0x(80-25)/0.01 = 440 W 


• • • 

Energy equation: mihi= rhhg Qout 

hg- hi = -Q/rh = - (440/0.2) = -2200 J/kg = - 2.2 kJ/kg 
hg= hi -2.2 kJ/kg = 334.88 - 2.2 = 332.68 kJ/kg 

“ 334.88-313.91 ^ " 79.48®C 
AT = 0.52"C 

We could also have used hg- ^ = CpAT 
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6.136 

A counter-flowing heat exehanger eonserves energy by heating cold outside fresh 

air at 10®C with the outgoing combustion gas (air) at 100®C. Assume both flows 

are 1 kg/s and the temperature differenee between the flows at any point is 50®C. 
What is the ineoming fresh air temperature after the heat exehanger? What is the 
equivalent (single) convective heat transfer eoefficient between the flows if the 

interfaee area is 2 m ? 

Solution: 

The outside fresh air is heated up to T 4 = 50®C (100 - 50), the heat transfer 
needed is 

kJ 

Q = mAh = mCpAT = 1 kg/s x 1.004 ^ (50 - 10) K = 40 kW 

This heat transfer takes plaee with a temperature differenee of 50°C throughout 


Q = h A AT 


_Q_ 40 000 W W 

^ “ AAT “ 2 X 50 m2 K “ m2 K 


Often the flows may 
be eoneentrie as a 
smaller pipe inside a 
larger pipe. 



fresh air 
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Saturated liquid water at 1000 kPa flows at 2 kg/s inside a 10 em outer diameter 
steel pipe and outside of the pipe is a flow of hot gases at 1000 K with a 

conveetion coefficient of h = 150 W/m K. Neglect any AT in the steel and any 
inside convection h and find the length of pipe needed to bring the water to 
saturated vapor. 

Solution: 

• • • 

Energy Eq. water: Q = m (hg - hj) = m hfg 

Table B.1.2: hfg = 2015.29 kJ/kg, T = T^^t = 179.91®C = 453.1 K 

The energy is transferred by heat transfer so 

Q = h A AT = h ttD L AT 

Equate the two expressions for the heat transfer and solve for the length L 



Q 

hTrO AT 


= 156,4 m 


mhfg 

hTrO AT 


2 X 2015.29 X 1000 
150x71x 0.1 x(1000-453.1) 
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6.138 

A flow of 1000 K, 100 kPa air with 0.5 kg/s in a furnace flows over a steel plate 
of surfaee temperature 400 K. The flow is sueh that the eonveetive heat transfer 

coefficient is h = 125 W/m K. How mueh of a surface area does the air have to 
flow over to exit with a temperature of 800 K? How about 600 K? 

Solution; 

Conveetion heat transfer 

Q = hA AT 

Inlet; AT; = 1000 - 400 = 600 K 




Exit; ATg = 800 - 400 = 400 K, 

so we ean use an average of AT = 500 K for heat transfer 

Q = rh^ (h; - hg) = 0.5(1046.22 - 822.2) =112 kW 



112X 1000 

125 X 500 


= 1.79 


Q = rha (h; - hg) = 0.5 (1046.22 - 607.32) = 219.45 kW 
Exit; AT^^j = 600 - 400 = 200 K, 

so we have an average of AT = 400 K for heat transfer 



219.45 X 1000 
125 X 400 


= 4.39 





from air to steel 


1000 K 
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Concept-Study Guide Problems 
6.139 

Liquid water at 60 F flows out of a nozzle straight up 40 ft. What is nozzle 

12 12 

Energy Eq. 6.13; hg^it + 2 Vg^it + gHg^it = h 2 + 2 ^2 + gH 2 

If the water can flow 40 ft up it has speciflc potential energy of gH 2 which must 

2 

equal the specific kinetic energy out of the nozzle The water does not 

change P or T so h is the same. 

Vexit/2 = g(H2 - Hexi,) = gH => 

Vgxit = = V2 x 32.174 X 40 ft2/s2 = 50.7 ft/s 
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6.140 

R-134a at 90 F, 125 psia is throttled so it becomes cold at 10 F. What is exit P? 

State 1 is slightly compressed liquid so 

Table F.5.1; h = hf= 105.34 Btu/lbm 

At the lower temperature it becomes two-phase since the throttle flow has 
constant h and at 10 F: hg = 168.06 Btu/lbm 

P = Pgat = 26,8 psia 
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6.141 

In a boiler you vaporize some liquid water at 103 psia flowing at 3 ft/s. What is 
the velocity of the saturated vapor at 103 psia if the pipe size is the same? Can the 
flow then be constant P? 


The continuity equation with average values is written 

• • • 

m; = mg = m = pAV = AV/v = AVj/vj = AVg/Vg 

From Table F.7.2 at 103 psia we get 

Vf=0.01776 ft^/kg; Vg = 4.3115 ft^/kg 

^ 0.01776 ~ 

To accelerate the flow up to that speed you need a large force ( APA) so a 
large pressure drop is needed. 


P < P- 
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6.142 

Air at 60 ft/s, 480 R, 11 psia with 10 Ibm/s flows into a jet engine and it flows out 
at 1500 ft/s, 1440 R, 11 psia. What is the change (power) in flow of kinetic 
energy? 


m AKE = rn I (Vg - Vf) 

= 10 Ibm/s X ^ (1500^ - 60^) (ft/s)^ ^2 174 (IbElbm-ft/s^) 

= 349 102 Ibf-ft/s = 448.6 Btu/s 
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6.143 

An initially empty cylinder is filled with air from 70 F, 15 psia until it is full. 
Assuming no heat transfer is the final temperature larger, equal to or smaller than 
70 F? Does the final T depends on the size of the cylinder? 

This is a transient problem with no heat transfer and no work. The balance 
equations for the tank as C.V. become 

Continuity Eq.; m 2 - 0 = m; 

Energy Eq.; m 2 U 2 - 0 = mjhi + Q - W = mjhi + 0-0 
Einal state: U 2 = h; & P 2 = P; 

T 2 > T; and it does not depend on V 
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Continuity and Flow Rates 
6.144 

Air at 95 F, 16 Ibf/in.^, flows in a 4 in. x 6 in. rectangular duct in a heating 
system. The volumetric flow rate is 30 cfim (ft^/min). What is the velocity of the 
air flowing in the duct? 


Solution: 

Assume a constant velocity across the duct area with 


A = 

and the volumetric 

V = 

v = 


4 X 6 X 


1 


144 


= 0.167 ft^ 


flow rate from Eq.6.3, 


« 

mv = AV 


30 


V 


A 60x0.167 


= 3,0 ft/s 


Ideal gas so note: 



note ideal gas: 


RT 53.34 x 554.7 _^ ^ 

V = -^ = — 77—7T7— = 12.842 fC/lbm 


P 


16 X 144 



30 

60 X 12.842 


= 0.0389 Ibm/s 
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6.145 

A hot air home heating system takes 500 ft /min (cfm) air at 14.7 psia, 65 F into a 
fumaee and heats it to 130 F and delivers the flow to a square duet 0.5 ft by 0.5 ft 
at 15 psia. What is the velocity in the duct? 


Solution; 


The inflate flow is given by a mj 

t • • 

Continuity Eq.; mj = V; / vj = mg = AgVg/v, 


RTi 53.34 x 525 

= 13.23 


Ideal gas: Vi = ^ = 14.7 x 144 

RTg 53.34 X (130+ 460) 


Ibm 


v„ = 


P 


15 X 144 
= 14.57 ft^/ Ibm 


mi = V/vi = 500/(60 x 13.23) = 0.63 Ibm/s 


V.= 


m Vg/ Ag = 


0.63 X 14.57 ft^/s 
0.5 X 0.5 ft2 


= 36.7 ft/s 
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6.146 

Saturated vapor R-134a leaves the evaporator in a heat pump at 50 F, with 
a steady mass flow rate of 0.2 Ibm/s. What is the smallest diameter tubing that ean 
be used at this location if the velocity of the refrigerant is not to exceed 20 ft/s? 

Solution: 

• • 

Mass flow rate Eq. 6 .3: m = V/v = AV/v 

Exit state Table F. 10.1: (T = 50 F, x=l) => v = Vg = 0.792 ft^/lbm 
The minimum area is associated with the maximum velocity for given m 

* 0.2 Ibm/s X 0.792 ft3/lbm 2 

Amin - “ 20 ft/s “ 0.00792 ft - ^ D^in 

DjyfiN == 0,1004 ft = 1,205 in 
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Single Flow Devices 
6.147 

A pump takes 40 F liquid water from a river at 14 IbFin.^ and pumps it up 
to an irrigation canal 60 ft higher than the river surface. All pipes have diameter 
of 4 in. and the flow rate is 35 Ibm/s. Assume the pump exit pressure is just 
enough to carry a water column of the 60 ft height with 15 Ibf/in.^ at the top. 
Find the flow work into and out of the pump and the kinetic energy in the flow. 

Solution; 


Flow work mPv; 

Table F.7.1 vf = vf = 0.01602 ft^/lbm 
Pe = Po + Hg/v 


60 X 32.174 

“*^^^^32.174 x 0.01602 x144 

= (15 + 26) lbf/in2 = 41 lbf/in2 


] lbf/in2 



Wflow, i = mPv = 35 X 14 X 0.01602 x 144/778 = 1.453 Btu/s 

Vi = Ve = mv/(|D2) = 35 X 0.01602 x 144/( 14^) = 6.425 ft/s 

KEi = 2 = KEe= = 1(6.425)^ ft^/s^ = 20.64 ft^/s^ 

= 20.64/(32.174x778) = 0.000825 Btu/lbm 
Wfiow, e = mPe Vg = 35 X 41 X 0.01602 x 144/778 = 4.255 Btu/s 
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6.148 

In a jet engine a flow of air at 1800 R, 30 psia and 90 ft/s enters a nozzle where 
the air exits at 1500 R, 13 psia, as shown in Fig. P.6.33. What is the exit velocity 
assuming no heat loss? 

Solution; 

C.V. nozzle. No work, no heat transfer 
Continuity rh; = rhg = rh 

Energy : m (hj + VaVj^) = m(hg+ V:N^ 

Due to high T take h from table F.5 

i/aVg^ = 1/2 + hi - hg 

90^ ... 

“o n na - 7-70 + 449.79 - 369.28 
2 x32.174 x778 

= 0.16 + 80.51 = 80.67 Btu/lbm 

Vg = (2 X 32.174 x778 x 80.67)1^2 

= 2010 ft/s 
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6.149 

Nitrogen gas flows into a convergent nozzle at 30 Ibf/in.^, 600 R and very 
low velocity. It flows out of the nozzle at 15 Ibf/in.^, 500 R. If the nozzle is 
insulated find the exit velocity. 

Solution: 

C.V. Nozzle steady state one inlet and exit flow, insulated so it is adiabatic. 



Energy Eq. 6.13: hj + 0 =h 2 + 2^2 

V 2 = 2 (hi - h 2 ) = 2 CpN 2 (Ti - T 2 ) = 2 X 0.249 x (600 - 500) 
= 24.9 Btu/lbm 

V 2 = 2 X 24.9 X 778 x32.174 ft^/s^ = 1 246 562 ft^ / s^ 

V 2 = 1116 ft/s 
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6.150 

A diffuser shown in Fig. P6.36 has air entering at 14.7 Ibf/in.^, 540 R, 
with a veloeity of 600 ft/s. The inlet eross-seetional area of the diffuser is 0.2 in.^. 
At the exit, the area is 1.75 in.^, and the exit velocity is 60 ft/s. Determine the exit 
pressure and temperature of the air. 

Solution; 

• • 

Continuity Eq.6.3; m; = AiVi/vj = mg = AgVg/Vg, 

1 2 1 2 

Energy Eq.(per unit mass flow)6.13: hj + = he + 2Ve" 


hg - hi = (1/2 )x( 6002 - 602)/(32. 174x778) = 7.119 Btu/lbm 

Tg = Ti + (hg - hi)/Cp = 540 + 7.119/0.24 = 569.7 R 
Now use the continuity equation and the ideal gas law 


Ve = Vi 


/ 




AeVe 


A V 


= (RTi/Pi) 




N 


AeVe 


A V 


= RTe/Pe 


p = p. 

^ e ^ 1 


Cryn \ 


T 


T 




N 


A.V. 


vAe^ey 


/ 


= 14.7 


V 


569.7 
540 


/ 




\ 


0.2 X 600 

1.75 X 60 


= 17.72 lbf/in.2 


y 


I 



Hi V 
Low P, A 




Exit 


Low V 
Hi P, A 
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6.151 

Helium is throttled from 175 Ibf/in.^, 70 F, to a pressure of 15 Ibf/in.^. The. 
diameter of the exit pipe is so much larger than the inlet pipe that the inlet and exit 
velocities are equal. Find the exit temperature of the helium and the ratio of the pipe 
diameters. 

C.V. Throttle. Steady state, 


Process with: q = 

w ^ 

= 0; ; 

and 

Vi = 



= Ze 

Energy Eq.6.13: 

hi 

= he, 


Ideal 

gas ^ 

=> 

T; = Tg = 75 F 

AV 

• 






PjAi = PgAg 

m — yp But 

m, 

.V,T 

are 

constant 

=> 



De 

rPi^ 

1/2 

H75^ 

1/2 




D.” 

P 


ll5y 


= 3.416 
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6.152 

Water flowing in a line at 60 Ibf/in.^, saturated vapor, is taken out through 
a valve to 14.7 Ibf/in.^. What is the temperature as it leaves the valve assuming no 
changes in kinetic energy and no heat transfer? 

C.V. Valve. Steady state, single inlet and exit flow 

• • 

Continuity Eq.; m^ = m 2 

Energy Eq.6.12; mihj + Q = m 2 h 2 + W 



Process; Throttling 
Small surface area; Q = 0; 
No shaft; W = 0 


Table E.7.1 h 2 = hi = 1178 btu/lbm ^ T 2 = 254,6 F 
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6.153 

A small, high-speed turbine operating on compressed air produces a power output 
of 0.1 hp. The inlet state is 60 Ibf/in.^, 120 F, and the exit state is 14.7 Ibf/in.^, 
-20 F. Assuming the velocities to be low and the process to be adiabatic, find the 
required mass flow rate of air through the turbine. 

Solution; 

C.V. Turbine, no heat transfer, no AKE, no APE 
Energy Eq. 6.13; hin ^ + wj 

Ideal gas so use constant specific heat from Table A. 5 

Wt = hin - hex = Cp(Tin - Tg^) 

= 0.24(120 - (-20)) = 33.6 Btu/lbm 

• • 

W = mw-p ^ 


m = W/wj = 


0.1 X 550 
778 X 33.6 


= 0.0021 Ibm/s = 7.57 Ibm/h 



The dentist’s drill has a small 
air flow and is not really 
adiabatic. 



Sonntag, Borgnakke and Wylen 


6.154 

Hoover Dam across the Colorado River dams up Lake Mead 600 ft higher 
than the river downstream, as shown in Fig. P6.51. The electric generators driven 
by water-powered turbines deliver 1.2 x 10^ Btu/s. If the water is 65 F, find the 
minimum amount of water running through the turbines. 

Solution; 

C.V.; H 2 O pipe + turbines, 



Continuity: m^jj = mg^; 

Energy Eq.6.13; (h+ V^/2 + gz)^^ = (h+ V^/2 + gz)^^ + wj 

Water states: hjjj = hg^ ; v^j^ = Vg^ 

Now the specific turbine work becomes 

wx = gzjn - gZgx = (32.174/32.174) x 600/778 = 0.771 Btu/lbm 

m = WT/wT= 1.2x10^/0.771 = 1.556x10^ Ibm/s 

V = mv = 1.556x10^ x 0.016043 = 24 963 ft^/s 
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6.155 

A small expander (a turbine with heat transfer) has 0.1 Ibm/s helium entering at 
160 psia, 1000 R and it leaves at 40 psia, 540 R. The power output on the shaft is 
measured to 55 Btu/s. Find the rate of heat transfer neglecting kinetic energies. 

Solution; 

C.V. Expander. Steady operation 

Continuity Eq.; m;= rhg = rh 
Energy Eq.; mhi + Q = mhg + W 

Q = rh (hg-hj) + W 

Use heat capacity from Table E.4; Cp j^g = 1.24 Btu/lbm R 

Q = mCp (Tg-Ti) + W 

= 0.1 Ibm/s X 1.24 Btu/lbm R (540 - 1000) R + 55 btu/s 
= - 57.04 + 55 = -2.0 Btu/s 
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6.156 

An exhaust fan in a building should be able to move 5 Ibm/s air at 14.4 psia, 68 F 
through a 1.25 ft diameter vent hole. How high a velocity must it generate and 
how much power is required to do that? 


Solution; 

C.V. Fan and vent hole. Steady state with uniform velocity out. 
Continuity Eq.; m = constant = pAV = AV / v =AVP/RT 


Ideal gas : Pv = RT, and area is A = 

Now the velocity is found 

.. • 5 X 53.34 X (459.7 + 68) , 

V = m RT/C^ d2 P) =- ^= 55.3 

I X 1.252 X 14.4 X 144 


ft/s 


The kinetic energy out is 

55.3^ / 32.174 = 47.52 Ibf-ft/lbm 

which is provided by the work (only two terms in energy equation that does not 
cancel, we assume Vj = 0) 

Win = m ^ V 2 = 5 X 47.52 = 237.6 Ibf-ft/s = 0.305 Btu/s 
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6.157 


In a steam generator, compressed liquid water at 1500 Ibf/in.^, 100 F, enters a 
1-in. diameter tube at the rate of 5 ft^/min. Steam at 1250 IbFin.^, 750 F exits the 
tube. Find the rate of heat transfer to the water. 

Solution: 

C.V. Steam generator. Steady state single inlet and exit flow. 


Tlfl'V 7 

Constant diameter tube: A; = Ag = I I = 0.00545 ft 


VI 


Table B.1.4 rii = Vj/vi = 5 x 60/0.016058 = 18 682 Ibm/h 


Vi = Vi/Ai = 5/(0.00545x 60) = 15.3 ft/s 


Exit state properties from Table B.l .3 

Vg = Vi X Vg/vi = 15.3x 0.503/0.016058 = 479.3 ft/s 

The energy equation Eq.6.12 is solved for the heat transfer as 



= 18 682[l342.4 -71.99 


479.3^-15.3^ 1 
^2x32.174x778-1 


2,382x10^ Btu/h 


Typically hot 
combustion 
gas in 


Steam exit 



liquid water in 


gas 

out 
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6.158 

Carbon dioxide gas enters a steady-state, steady-flow heater at 45 Ibf/in.^ 60 F, 
and exits at 40 Ibf/in.^, 1800 F. It is shown in Fig. P6.63 here ehanges in kinetic 
and potential energies are negligible. Calculate the required heat transfer per Ibm 
of carbon dioxide flowing through the heater. 

Solution; 

C.V. Heater Steady state single inlet and exit flow. 

Energy Eq.6.13; q + h; = hg 



. . 20470.8 -1-143.4) 

Table E.6 q = hg-h; =-44~oi-^ = 468,4 Btu/lbm 

(Use CpQ then q = 0.203(1800 - 60) = 353.2 Btu/lbm) 
Too large AT, T^ye to use CpQ at room temperature. 














Sonntag, Borgnakke and Wylen 


6.159 


A flow of liquid glycerine flows around an engine, cooling it as it absorbs energy. 
The glycerine enters the engine at 140 F and receives 13 hp of heat transfer. What 
is the required mass flow rate if the glycerine should come out at a maximum 200 
F? 

Solution; 

C.V. Liquid flow (glycerine is the coolant), steady flow, no work. 

Energy Eq.; mh; + Q = mhg 


m = Q/( hg - hi) 


Q 

Cgly (Te - Ti) 


Erom table E.3: Cgiy = 0.58 Btu/lbm R 

13 hp X (2544.4/3600) btu/s-hp 

0.58 btu/lbm-R (200 - 140) R “ 0-264 Ibm/s 


Air intake filter Ean Radiator 



Atm. 

air 


Coolant flow 
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6.160 

A small water pump is used in an irrigation system. The pump takes water 
in from a river at 50 F, 1 atm at a rate of 10 Ibm/s. The exit line enters a pipe that 
goes up to an elevation 60 ft above the pump and river, where the water runs into 
an open channel. Assume the process is adiabatic and that the water stays at 50 F. 
Find the required pump work. 

Solution; 

C.V. pump + pipe. Steady state , 1 inlet, 1 exit flow. Assume same velocity in 

and out, no heat transfer. 

• • • 

Continuity Eq.; mjj^ = mg^ = m 

Energy Eq.6.12; 

m(hin + (l/2)Vin2 + gZin) = 

MKx + (1/2) Vgx^ + gzgx) + W 
States: hjj^ = hg^ same (T, P) 



W = mg(ziji - Zgx) = 1 Olbm/s x 


32.174 ft/s2 
32.174 lbmft/s2 /m"" 


(- 60) ft 


= -600 Ibf-ft/s = -0.771 Btu/s 

I.E. 0.771 Btu/s required input 
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Multiple Flow Devices 
6.161 

A steam turbine receives water at 2000 Ibf/in.^, 1200 F at a rate of 200 
Ibm/s as shown in Fig. P6.78. In the middle section 40 Ibm/s is withdrawn at 300 
Ibhin.^, 650 F and the rest exits the turbine at 10 Ibf/in.^, 95% quality. Assuming 
no heat transfer and no changes in kinetic energy, find the total turbine work. 

C.V. Turbine Steady state, 1 inlet and 2 exit flows. 

• • • • • • 

Continuity Eq. 6 .9: m^ = m 2 + m 3 ; => m 3 = m^ - m 2 = 160 Ibm/s 

• • • • 

Energy Eq. 6 .10; niihi = Wj + m 2 h 2 + m 3 h 3 

Table E.7.2 h^ = 1598.6 Btu/lbm, 

h 2 = 134L6 Btu/lbm 

Table E.7.1 : h 3 = hf + X 3 hfg = 161.2 + 0.95 x 982.1 

= 1094.2 Btu/lbm 


Erom the energy equation, Eq.6.10 

Wj = m^h^ - m 2 h 2 - m 3 h 3 = 200 xl598.6 - 40 xl341.6 - 160 xl094.2 

= 9.1 X 10"^ Btu/s 
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6.162 

A condenser, as the heat exchanger shown in Fig. P6.84, brings 1 Ibm/s 
water flow at 1 Ibf/in.^ from 500 F to saturated liquid at 1 Ibf/in.^. The eooling is 
done by lake water at 70 F that returns to the lake at 90 F. For an insulated 
condenser, find the flow rate of cooling water. 

Solution; 

C.V. Heat exchanger 

= nieool^O + 1 


Energy Eq.6.10; 


“^cool^TO + ’^H2oh500 


1 Ibm/s 


500 F 


sat. liq. 


m 


cool 



90 F 


70 F 


Table F.7.1: hyg = 38.09 Btu/lbm, hgg = 58.07 Btu/lbm, hfj = 69.74 Btu/lbm 
Table F.7.2: h 5 Qo i = 1288.5 btu/lbm 

h500 - hf, 1 1288.5 -69.74 , 

“cool - mH 20 hqo - hyo “ ^ ^ 58.07 - 38.09 “ 
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6.163 

A heat exchanger is used to cool an air flow from 1400 to 680 R, both 
states at 150 Ibf/in.^. The coolant is a water flow at 60 F, 15 Ibf/in.^ and it is 
shown in Fi§. P6.86. If the water leaves as saturated vapor, find the ratio of the 
flow rates 

Solution; 

C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The 
two flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


Continuity Eqs.: Each line has a constant flow rate through it. 


Energy Eq.6.10; 


mairhi + 


“lH20h3 


= mairh2 + 


inH20h4 


Process: 


Each line has a constant pressure. 


Table F.5; h^ = 343.016 Btu/lbm, h 2 = 162.86 Btu/lbm 

Table F.7: h 3 = 28.08 Btu/lbm, h.^ = 1150.9 Btu/lbm (at 15 psia) 


_ hi -h2 ^ 343.016- 162.86 
mH2o/mair “ h4 - h3 “ 1150.9 - 28.08 


= 0.1604 
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6.164 

An automotive radiator has glycerine at 200 F enter and return at 130 F as shown 
in Fig. P6.88. Air flows in at 68 F and leaves at 77 F. If the radiator should 
transfer 33 hp what is the mass flow rate of the glycerine and what is the volume 
flow rate of air in at 15 psia? 

Solution: 

If we take a control volume around the whole radiator then there is no external 
heat transfer - it is all between the glycerin and the air. So we take a control 
volume around each flow separately. 


Heat transfer: 
Glycerine: 

Table F.3: 


Q = 33 hp = 33 X 2544.4 / 3600 = 23.324 Btu/s 

» • • 

mhi + (-Q) = mhg 


= 


-Q 


-23.324 


gly he-hi 0.58(130-200) 


= 0.574 Ibm/s 


Air 

Table F.4: 


mhi + Q = mhe 




0 

Cair(Te-Ti) 


23.324 
0.24(77 - 68) 


= 8.835 Ibm/s 


V = mvj; 



53.34 x 527.7 
15 X 144 


= 13.03 ft^/lbm 


Vair = mvi = 8.835 x 13.03 = 115 ft^/s 


Air intake filter 

c 



Exhaust flow 


Coolant flow 55 C 




Atm. 


air 
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6.165 

An insulated mixing chamber receives 4 Ibm/s R-134a at 150 Ibf/in.^, 220 
F in a line with low velocity. Another line with R-134a as saturated liquid 130 F 
flows through a valve to the mixing chamber at 150 Ibf/in.^ after the valve. The 
exit flow is saturated vapor at 150 Ibf/in.^ flowing at 60 ft/s. Find the mass flow 
rate for the second line. 

Solution: 

C.V. Mixing chamber. Steady state, 2 inlets and 1 exit flow. 

Insulated q = 0, No shaft or boundary motion w = 0. 

Continuity Eq.6.9: rhi + m 2 = m 3 ; 

• • • 12 

Energy Eq. 6 .10: m^h^ + m 2 h 2 =m 3 (h 3 + 2 V 3 ) 

* 12 12 
m2(h2-h3-2V3 ) = mi(h3+2V3 -hi) 


State 1: Table E.10.1: 150 psia, 220 E, hj = 209.63 Btu/lbm 

State 2: Table F.10.1: x = 0, 130F, h 2 = 119.88 Btu/lbm 

State 3: Table F.10.2: x = 1, 150 psia, h 3 = 180.61 Btu/lbm 

^ V 3 = I X 602 /(32.174 X 778) = 0.072 Btu/lbm 

• • 12 12 
m2 = mi (h 3 + 2 V3 - hi)/ (h2 - h 3 - 2 V3 ) 

= 4 (180.61 + 0.072 - 209.63)/ (119.88 - 180.61- 0.072) = 1.904 Ibm/s 


Notice how kinetic energy was insigniflcant. 



1 




MIXING 
CHAMBER 




3 
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Multiple Devices, Cycle Processes 
6.166 

An air compressor takes in air at 14 Ibf/in.^, 60 F and delivers it at 140 
IbFin.^, 1080 R to a eonstant-pressure eooler, whieh it exits at 560 R. Find the 
specifie compressor work and the speeific heat transfer. 

Solution 

C.V. air compressor q = 0 
Continuity Eq.; m 2 = m^ 

Energy Eq.6.13: hj + Wq = h 2 



Compressor seetion Cooler section 

Table F.5; 

Wc in ^ ^2 - hi = 261.1 - 124.3 = 136,8 Btu/lbm 
C.V. cooler w = 0 

• • 

Continuity Eq.; m 3 = m^ 

Energy Eq.6.13; h 2 = qout + ^3 

Oout = h 2 - h 3 = 261.1 - 133.98 = 127.12 Btu/lbm 
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6.167 

The following data are for a simple steam power plant as shown in Fig. P6.99. 


State 

1 

2 

3 

4 

5 

6 

7 

P psia 

900 

890 

860 

830 

800 

1.5 

1.4 

TF 


115 

350 

920 

900 


no 

h Btu/lbm 

- 

85.3 

323 

1468 

1456 

1029 

78 


State 6 has xg = 0.92, and veloeity of 600 ft/s. The rate of steam flow is 200 000 

Ibm/h, with 400 hp input to the pump. Piping diameters are 8 in. from steam 
generator to the turbine and 3 in. from the eondenser to the steam generator. 
Determine the power output of the turbine and the heat transfer rate in the 
eondenser. 

Turbine; A 5 = TrD^/d = 0.349 ft^, V 5 = 0.964 ft^/lbm 


V 5 =mv 5 /A 5 


200 000 X 0.964 
3600 X 0.349 


= 153 ft/s 


w = (h 5 + O. 5 V 5 ) - (hg + 0.5Vg) = 1456 - 1029 - 


600^-153^ 

2 X 25 037 


= 420.2 Btu/lbm 

Reeall the conversion 1 Btu/lbm = 25 037 ft^/s^, 1 hp = 2544 Btu/h 

420.2 X 200 000 . 

WjURB “ 2544 “ 
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6.168 

For the same steam power plant as shown in Fig. P6.99 and Problem 
6.167E determine the rate of heat transfer in the economizer which is a low 
temperature heat exchanger and the steam generator. Determine also the flow rate 
of cooling water through the condenser, if the cooling water increases from 55 to 
75 F in the condenser. 


Condenser; Ay = 7 iDy /4 = 0.0491 ft^, Vy = 0.01617 ft^/lbm 

X/ - ' /A 200000 x 0.01617 
Vy mvy/Ay 3600 x 0.0491 

18 ^ 600 ^ 

q = 78.02 - 1028.7 + ^ -957.9 Btu/lbm 

^ 2 X 25 037 


Qcond = 200 000 (-957.9) = -1.916x10^ Btu/h 

Economizer V 3 w Vy since liquid v is constant: V 3 w Vy and A3 = Ay, 

q = by - by = 323.0 - 85.3 = 237.7 Btu/lbm 

Qecon = 200 000 (237.7) = 4.75xl0’^ Btu/h 
Generator; A 4 = TrD^/d = 0.349 ft^, V 4 = 0.9595 ft^/lbm 


V4 = mv4/A4 = 


200 000 X 0.9505 
3600 X 0.349 


= 151 ft/s 


A 3 = 7 ^ 03/4 = 0.349 ft^, V 3 = 0.0491 ft^/lbm 


V 3 = mv 3 /A 3 = 


200 000 X 0.0179 
3600 X 0.0491 


= 20 ft/s , 


151 ^- 20 ^ 

q = 1467.8 - 323.0 + ^ 77 ^ 7 : 7 = 1145.2 Btu/lbm 

^ 2 X 25 037 


Qgen = 200 000 X (1145.2) = 2.291x10^ Btu/h 
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6.169 

A proposal is made to use a geothermal supply of hot water to operate a steam 
turbine, as shown in Fig. P6.105. The high pressure water at 200 Ibf/in.^, 350 F, is 
throttled into a flash evaporator chamber, which forms liquid and vapor at a lower 
pressure of 60 Ibf/in.^. The liquid is discarded while the saturated vapor feeds the 
turbine and exits at 1 Ibf/in.^, 90% quality. If the turbine should produce 1000 hp, 
find the required mass flow rate of hot geothermal water in pound-mass per hour. 


Solution; 

Separation of phases in flash-evaporator 
constant h in the valve flow so 

Table F.7.3: hj =321.8 Btu/lbm 
hi = 321.8 = 262.25 + XX 915.8 
^ X = 0.06503 = rh2/mi 
Table F.7.2; h 2 = 1178.0 Btu/lbm; 



2 Sat. vap. 


4 


Sat. liq 
out 



Table F.7.1: h 3 = 69.74 + 0.9 x 1036 = 1002.1 Btu/lbm 


W = rh2(h2 - h3) 


=> 


m2 


1000 X 2545 
1178.0 - 1002.1 


= 14 472 Ibm/h 


^ rhi = 222 539 Ibm/h 


Notice conversion 1 hp = 2445 Btu/h from Table A.l 
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Transient Processes 
6.170 

A 1-ft^ tank, shown in Fig. P6.111, that is initially evacuated is connected 
by a valve to an air supply line flowing air at 70 F, 120 Ibf/in.^. The valve is 
opened, and air flows into the ta nk until the pressure reaches 90 Ibf/in.^. 

Determine the final temperature and mass inside the tank, assuming the process is 
adiabatic. Develop an expression for the relation between the line temperature and 
the final temperature using constant specific heats. 

Solution; 

C.V. Tank: 

Continuity Eq. 6.15: m 2 = m; 

Energy Eq.6.16; m 2 U 2 = m;h; 

Table E.5: U 2 = h; = 126.78 Btu/lbm 

^ T 2 = 740 R 



P2V 

1^2 = ^ 


90 X 144 X 1 
53.34 X 740 


= 0.3283 Ibm 


Assuming constant specific heat, 

hj = U; + RT; = U2 , RT; = U 2 - Uj = Cvo(T2 - Tj) 

CV 0 T 2 = (Cvo + R)Ti = CpoTi , T 2 = (Cpo/Cvo) Ti = kTi 

Eor T; = 529.7 R & constant Cpo, T 2 = 1.40 x 529.7 = 741.6 R 
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6.171 

Helium in a steel tank is at 40 psia, 540 R with a volume of 4 ft . It is used to fdl 
a balloon. When the tank pressure drops to 24 psia the flow of helium stops by 
itself. If all the helium still is at 540 R how big a balloon did I get? Assume the 
pressure in the balloon varies linearly with volume from 14.7 psia (V = 0) to the 
final 24 psia. How much heat transfer did take place? 


Solution; 

Take a C.V. of all the helium. 

This is a control mass, the tank mass 

changes density and pressure. 

Energy Eq.: U 2 -Ui = 1 Q 2 - 1 W 2 
Process Eq.; P = 14.7 + CV 
State 1; Pi,Ti,Vi 

State 2; P 2 , T 2 , V 2 = ? 

Ideal gas; 

P 2 V 2 = mRT 2 = mRTj = PiV^ 

V 2 = Vi(Pi/P 2 ) = 4 X (40/24) = 6.6667 ft^ 
Vbal = V 2 - Vi = 6.6667 - 4 = 2.6667 ft^ 



1 W 2 = ! P dV = AREA = 1/2 ( Pi + P 2 )( V 2 -Vi ) 

= Vii 40 + 24) X 2.6667 x 144 = 12 288 Ibf-ft = 15.791 Btu 

U 2 - Ui = 1 Q 2 - 1 W 2 = m (u 2 -ui) = mCy ( T 2 -Ti ) = 0 

so 1 Q 2 = 1 W 2 = 15,79 Btu 


Remark; The process is transient, but you only see the flow mass if you 
select the tank or the balloon as a control volume. That analysis leads to 
more terms that must be elliminated between the tank control volume and 
the balloon control volume. 
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6.172 

A 20-ft^ tank contains ammonia at 20 Ibf/in.^, 80 F. The tank is attached to a line 
flowing ammonia at 180 Ibflin.^, 140 F. The valve is opened, and mass flows in 
until the ta nk is half full of liquid, by volume at 80 F. Caleulate the heat 
transferred from the tank during this process. 

Solution; 

C.V. Ta nk . Transient process as flow comes in. 


mj = V/v^ =20/16.765 = 1.193 Ibm 
mf 2 = Vf 2 /vf 2 = 10/0.026677 = 374.855 Ibm, 
mg 2 = Vg 2 /Vg 2 = 10/1.9531 = 5.120 Ibm 
m 2 = mf 2 + nig 2 = 379.975 Ibm => X 2 = mg 2 /m 2 = 0.013475 
Table F.8.1, U 2 = 130.9 + 0.013475 x 443.4 = 136.9 Btu/lbm 

uj = 595.0 Btu/lbm, hj = 667.0 Btu/lbm 


Continuity Eq,; mj = m 2 - m^ = 378.782 Ibm , 
Energy eq.; Q^y + mjhj = m 2 U 2 - m^uj 


Qcv = 379.975 x 136.9 - 1.193 x 595.0 - 378.782 x 667.0 

= -201 339 Btu 
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6.173 

An initially empty bottle, F= 10 ft^, is filled with water from a line at 120 
Ibf/in.^, 500 F. Assume no heat transfer and that the bottle is closed when the 
pressure reaches line pressure. Find the final temperature and mass in the bottle. 

Solution; 

C.V. Bottle, transient process with no heat transfer or work. 

Continuity Eq.6.15: m 2 - m^ = mjjj; 

Energy Eq.6.16; m 2 U 2 - m^ui = - m^j^ h^jj 
State 1; m^ = 0 => ni 2 = m^jj and U 2 = hjjj 
State 2: P 2 = PUne > Table P.7 U 2 = h^jj = 1277.1 Btu/lbm 

^T 2 = 764F, V 2 = 6.0105 ft3/lbm 

m 2 = V/v 2 = 10/6.0105 = 1,664 Ibm 
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6.174 

A nitrogen line, 540 R, and 75 Ibf/in.^, is connected to a turbine that 
exhausts to a closed initially empty tank of 2000 ft^, as shown in Fig. P6.119. The 
turbine operates to a tank pressure of 75 Ibf/in.^, at which point the temperature is 
450 R. Assuming the entire process is adiabatic, determine the turbine work. 

C.V. turbine & tank ^ Transient problem 

Conservation of mass: m; = m 2 = m 


1— Law: mjhi = m 2 U 2 + W^y ; W^y = m(hi - U 2 ) 

Inlet state: P; = 75 Ibf/in^, Tj = 540 R 

Final state 2: P 2 = 75 Ibf/in^, T 2 = 450 R 

V 2 = RT 2 /P 2 = 55.15 X 450/(75 x 144) = 2.298 ft^/lbm 
m 2 = V/v 2 = 2000/2.298 = 870.32 Ibm 

hi - U2 = Ui + RTi - U2 = RTi + Cy (Ti - T 2 ) 


55.15 

778.17 


540 + 0.178 (540 - 450) = 38.27 + 16.02 = 54.29 


Btu 

Ibm 


Wcy = 870.32 X 54.29 = 47 250 Btu 
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Review Problem 


6.175 


A mass-loaded piston/cylinder containing air is at 45 Ibf/in.^, 60 F with a volume 
of 9 ft^, while at the stops F= 36 ft^. An air line, 75 Ibf/in.^, 1100 R, is connected 
by a valve, as shown in Fig. P6.133. The valve is then opened until a final inside 
pressure of 60 Ibf/in.^ is reached, at which point T=630 R. Find the air mass that 
enters, the work, and heat transfer. 

Solution: 


C.V. Cylinder volume. 

Continuity Eq.6.15: m 2 - m^ = mjjj 


Energy Eq.6.16: m 2 U 2 - m^ui = mi^hiine + 1Q2 ' 1W2 

Process: Pj is constant to stops, then constant V to state 2 at P 2 


State 1: P^, 



45 X 9 X 144 
53.34 x 519.7 


= 2.104 Ibm 


Open to: P 2 = 60 Ibf/in^ 

Table P.5: 

h; = 266.13 btu/lbm 

u^ = 88.68 Btu/lbm 

U 2 = 107.62 Btu/lbm 



45 Ibf/in^ 
60°F 
9 ft^ 

= 36 ft^ 


P = Pj until V = Vstop then constant V 

1 W 2 = fPdV = Pi(Vstop - Vi) = 45 X (36 - 9)^ = 224.9 Btu 
m 2 = P 2 V 2 /RT 2 = 60x36x144 /(53.34x630) = 9.256 Ibm 

1 Q 2 = m 2 U 2 - miui - m; hi + 1 W 2 

= 9.256 X 107.62 - 2.104 x 88.68 - 7.152 x 266.13 + 224.9 

= -868.9 Btu 
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CHAPTER 7. 6*** edition Sonntag/BorgnakkeA¥ylen 

This problem set compared to the fifth edition chapter 7 set. 

Study guide problems 7.1-7.17 are all new 
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new 

50 

17 

75 

20 

26 

9 mod 

51 

23 

76 

48 

27 

16 mod 

52 

18 

77 

52 

28 

new 

53 

44 

78 

new 

29 

new 

54 

35 

79 

51 mod 

30 

new 

55 

36 

80 

14 mod 

31 

15 mod 

56 

25 

81 

30 

32 

41 mod 

57 

32 

82 

new 

33 

3 

58 

new 

83 

10 

34 

4 

59 

24 

84 

33 

35 

new 

60 

26 

85 

27 

36 

5 

61 

22 

86 

34 

37 

new 

62 

43 

87 

46 

38 

new 

63 

45 

88 

47 

39 

new 

64 

new 

89 

37 

40 

new 

65 

38 

90 

42 

41 

new 

66 

39 mod 

91 

49 

42 

7 

67 

new 




The English unit problem set compared to the fifth edition chapter 7 set and 
the current chapter 7 SI problem set. 
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Concept-Study Guide Problems 


IX 

Electrical appliances (TV, stereo) use electric power as input. What happens to 
the power? Are those heat engines? What does the second law say about those 
devices? 

Most electric appliances such as TV, VCR, stereo and clocks dissipate 
power in electrical circuits into internal energy (they get warm) some power goes 
into light and some power into mechanical energy. The light is absorbed by the 
room walls, furniture etc. and the mechanical energy is dissipated by friction so 
all the power eventually ends up as internal energy in the room mass of air and 
other substances. 

These are not heat engines, just the opposite happens, namely electrical 
power is turned into internal energy and redistributed by heat transfer. These are 
irreversible processes. 

7.2 

A gasoline engine produces 20 hp using 35 kW of heat transfer from burning fuel. 
What is its thermal efficiency and how much power is rejected to the ambient? 

Conversion Table A.l; 20 hp = 20 x 0.7457 kW = 14.91 kW 

14.91 

riTH = Wout/Qn = Ts " 0.43 


Efficiency: 


Energy equation: 


Ql = Qh - Wout = 35 - 14.91 = 20.1 kW 
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7.3 

A refrigerator removes 1.5 kJ from the cold space using 1 kJ work input. How 
much energy goes into the kitchen and what is its coefficient of performance? 


C.V. Refrigerator. The energy Qjj goes into the kitchen air. 


Energy Eq.; 

COP; 


Qh = W + Ql 



1 + 1.5 = 2.5 kJ 
= 1.5 


The back side of 
the refrigerator 
has a black grille 
that heats the 
kitchen air. Other 
models have that 
at the bottom 
with a fan to 
drive the air over 
it. 



1 


2 


I Air out, 4 


c 
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7.4 

Assume we have a refrigerator operating at steady state using 500 W of electric 
power with a COP of 2.5. What is the net effect on the kitchen air? 

Take a C.V. around the whole kitchen. The only energy term that crosses 
the control surface is the work input W apart from energy exchanged with the 
kitchen surroundings. That is the kitchen is being heated with a rate of W. 

Remark: The two heat transfer rates are both internal to the kitchen. Qjj 

goes into the kitchen air and Ql actually leaks from the kitchen into the 
refrigerated space, which is the reason we need to drive it out again. 
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7.5 

A window air-conditioner unit is placed on a laboratory bench and tested in 
cooling mode using 750 W of electric power with a COP of 1.75. What is the 
cooling power capacity and what is the net effect on the laboratory? 


Definition of COP; P = Ql ! W 

Cooling capacity; Ql = P W = 1.75 x 750 = 1313 W 


For steady state operation the Ql comes from the laboratory and Qjj goes 

• • • 

to the laboratory giving a net to the lab of W = Q^ - Ql = 750 W, that is 
heating it. 


7.6 

Geothermal underground hot water or steam can be used to generate electric 
power. Does that violate the second law? 

No. 

Since the earth is not uniform we consider the hot water or steam supply 
as coming from one energy source (the high T) and we must reject heat to 
a low temperature reservoir as the ocean, a lake or the atmosphere which 
is another energy reservoir. 


Iceland uses a 
significant amount 
of steam to heat 
buildings and to 
generate 
electricity. 
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7.7 

A car engine takes atmospheric air in at 20”C, no fuel, and exhausts the air at - 

20®C produeing work in the proeess. What do the first and the second laws say 
about that? 

Energy Eq.; W = Q “ Ql ^ change in energy of air. OK 

2“‘^ law: Exchange energy with only one reservoir. NOT OK. 

This is a violation of the statement of Kelvin-Planck. 

Remark: You eannot ereate and maintain your own energy reservoir. 


7.8 

A windmill produces power on a shaft taking kinetic energy out of the wind. Is it 
a heat engine? Is it a perpetual machine? Explain. 


Since the wind is generated by a complex 
system driven by solar heat input and 
radiation out to space it is a kind of heat 
engine. 



Within our lifetime it looks like it is perpetual. However with a different 
time scale the elimate will change, the sun will grow to engulf the earth as it 
bums out of fuel. 


7.9 

Ice cubes in a glass of liquid water will eventually melt and all the water approach 
room temperature. Is this a reversible process? Why? 


There is heat transfer from the warmer ambient 
to the water as long as there is a temperature 
difference. Eventually the temperatures 
approach each other and there is no more heat 
transfer. This is irreversible, as we cannot 
make ice-cubes out of the water unless we mn 
a refrigerator and that requires a work from the 
surroundings, which does not leave the 
surroundings unchanged. 
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7.10 

A room is heated with a 1500 W electrie heater. How much power can be saved if 
a heat pump with a COP of 2.0 is used instead? 


Assume the heat pump has to deliver 1500 W as the Qjj. 


« « 

Heat pump; P' = Qh/Wj]vj 


1500 


Win = Qh/P'=^=V50W 

So the heat pump requires an input of 750 W thus saving the difference 


Wsaved = 1500 W - 750 W = 750 W 



7.11 

If the efficiency of a power plant goes up as the low temperature drops why do 
they not just reject energy at say -40®C? 

In order to reject heat the ambient must be at the low temperature. Only if 
we moved the plant to the North Pole would we see such a low T. 

Remark: You cannot create and maintain your own energy reservoir. 
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7.12 

If the efficiency of a power plant goes up as the low temperature drops why not 
let the heat rejection go to a refrigerator at say -10°C instead of ambient 20°C? 

The refrigerator must pump the heat up to 20”C to reject it to the ambient. 
The refrigerator must then have a work input that will exactly offset the 
increased work output of the power plant, if they are both ideal. As we 
can not build ideal devices the actual refrigerator will require more work 
than the power plant will produce extra. 


7.13 

A coal-fired power plant operates with a high T of 600°C whereas a jet engine has 
about 1400 K. Does that mean we should replace all power plants with jet 
engines? 

The thermal efficiency is limited by the Carnot heat engine efficiency. 

That is, the low temperature is also important. Here the power plant has a 
much lower T in the condenser than the jet engine has in the exhaust flow so the 
jet engine does not have a higher efficiency than the power plant. 

Gas-turbines are used in power plants where they can cover peak power 
demands needed for shorter time periods and their high temperature exhaust can 
be used to boil additional water for the steam cycle. 
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7.14 


A heat transfer requires a temperature difference, see chapter 4, to push the Q. 
What implications do that have for a real heat engine? A refrigerator? 

This means that there are temperature differences between the source of 
energy and the working substance so Tjj is smaller than the source temperature. 

This lowers the maximum possible efficiency. As heat is rejected the working 

substance must have a higher temperature Tl than the ambient receiving the Ql, 
which lowers the efficiency further. 

For a refrigerator the high temperature must be higher than the ambient to 

which the Qh is moved. Likewise the low temperature must be lower than the 

cold space temperature in order to have heat transfer from the cold space to the 
cycle substance. So the net effect is the cycle temperature difference is larger than 
the reservoir temperature difference and thus the COP is lower than that estimated 
from the cold space and ambient temperatures. 
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7.15 

A large stationary diesel engine produces 15 MW with a thermal efficiency of 
40%. The exhaust gas, which we assume is air, flows out at 800 K and the intake 

is 290 K. How large a mass flow rate is that if that accounts for half the Ql? Can 
the exhaust flow energy be used? 


• • 

Heat engine; Qh = Wqu/tith 


11 

0.4 


= 37.5 MW 


Energy equation: 


Ql = Qh - Wout = 37.5 - 15 = 22.5 kW 


Exhaust flow: 


1 


- “lairChsOO " ^290) 






1 22.5 X 1000 

2 822.2 - 290.43 


= 21.16 kg/s 


7.16 


Hot combustion gases (air) at 1500 K is used as heat source in a heat engine 
where the gas is cooled to 750 K and the ambient is at 300 K. This is not a 
constant T source. How does that affect the efficiency? 

Solution: 


If the efficiency is written as 

Tl 

EtH ~ ^net ! Qh ~ 1 “ 

then Th is somewhere between 1500 K 
and 750 K and it is not a linear average. 



After studying chapter 8 and 9 we can solve this problem and find the 
proper average high temperature based on properties at states 1 and 2. 
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1X1 

A remote loeation without electrieity operates a refrigerator with a bottle of 
propane feeding a burner to ereate hot gases. Sketch the setup in terms of cyclic 

• • 

devices and give a relation for the ratio of Ql in the refrigerator to Qfuei in the 
burner in terms of the various reservoir temperatures. 


The work of the heat engine 
assuming Carnot efficiency is 


^ ^HE Qfuei 



The work required by the 
refrigerator assuming reversible 

COP is 



FUEL 



W = QL/Pref = 



« 

Set the two work terms equal and solve for Ql. 


Ql = 


T 


L 


T 


T T 
^amb " ^ 


w = 


L 


L 


Tamb - Tl 




T 


1 - 


amb 




V 


T 


fueU 


Qfuei 


Remark: This result is optimistic since we used Carnot cycle efficiency 
and coefficient of performance. Secondly the heat transfer requires a AT 
so the heat engine efficiency is lower and the COP is lower. 
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Heat Engines and Refrigerators 


7.18 

Calculate the thermal effieieney of the steam power plant cyele deseribed in 
Example 6.9. 

Solution; 

From solution to Example 6.9, 


= Wt + Wp = 640.7 - 4 

= 636.7 kJ/kg 
qn = 96 = 2831 kJ/kg 




636.7 

2831 


0.225 



Notiee we eannot write Wjjg^ = qn “ 9 l there is an extra heat transfer ^Q 2 

as a loss in the line. This needs to be aeeounted for in the overall energy 
equation. 
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7.19 

Calculate the coefficient of performance of the R-134a refrigerator given in 
Example 6.10. 

Solution; 


From the definition 



Notice we cannot write - Ql 

as there is a small Q in the compressor. 
This needs to be aecounted for in the 
overall energy equation. 
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7.20 

Calculate the thermal effieiency of the steam power plant eyele described in 
Problem 6.99. 

Solution; 

From solution to Problem 6.99, 

Turbine A 5 = ( 7 r/ 4 )( 0 . 2)2 = 0.03142 m^ 

V5 = 

he = 191.83 + 0.92 x 2392.8 = 2393.2 kJ/kg 

= 3404 - 2393.2 - (200^ - A9^)l{2 x 1000) = 992 kJ/kg 


mv 5 /A 5 = 25 X 0.06163 / 0.03142 = 49 m/s 


Wj = mwj = 25 X 992 = 24 800 kW 


Wnet = 24800 - 300 = 24 500 kW 
From the solution to Problem 6.101 

Eeonomizer A 7 = = 0.004 418 m^, V 7 = 0.001 008 m^/kg 

V 2 = V 7 = mv/A 7 = 25 X 0.001008 / 0.004418 = 5.7 m/s, 

V 3 = {Y 3 /Y 2 W 2 = (0-001 118/ 0.001 008) 5.7 = 6.3 m/s « V 2 

so kinetie energy ehange unimportant 

Oecon = h 3 - h 2 = 744 - 194 = 550.0 kJ/kg 

Qecon = liiOECON = 25 (550.0) = 13 750 kW 
Generator A 4 = 71 : 04/4 = 0.031 42 m^, V 4 = 0.060 23 m^/kg 


V 4 = mv 4 /A 4 = 25 X 0.060 23/0.031 42 = 47.9 m/s 
Ogen = 3426 - 744 + (47.9^ - 6.3^)/(2xl000) = 2683 kJ/kg 

Qgen = 25 X (2683) = 67 075 kW 

The total added heat transfer is 


Qjj = 13 758 + 67 075 = 80 833 kW 



24500 

80833 


0.303 



Sonntag, Borgnakke and van Wylen 


7.21 

Calculate the coefficient of performance of the R-12 heat pump cycle described in 
Problem 6.106. 

Solution; 


From solution to Problem 6.106, 
CV: Condenser 

Qcond = >^(^3 - ^ 2 ) 

= 0.05(79.7 -253) 

= -8.665 kW 


Then with the work as -Wj^ = 4.0 kW we 
have 



Heat pump: 



2.166 
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7.22 

A farmer runs a heat pump with a 2 kW motor. It should keep a chicken hatchery 

at 30®C, which loses energy at a rate of 10 kW to the colder ambient What 

is the minimum coefficient of performance that will be acceptable for the heat 
pump? 

Solution: 


Power input: W = 2 kW 

• • 

Energy Eq. for hatchery: Qjj = Qloss ^ 


Definition of COP: 




p = COP = 



w 
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122 , 

A power plant generates 150 MW of electrical power. It uses a supply of 1000 
MW from a geothermal source and rejects energy to the atmosphere. Find the 
power to the air and how much air should be flowed to the cooling tower (kg/s) if 

its temperature cannot be increased more than 10®C. 

Solution; 

C.V. Total power plant. 

Energy equation gives the amount of heat rejection to the atmosphere as 

Ql= Qh - W = 1000 - 150 = 850 MW 

The energy equation for the air flow that absorbs the energy is 


Ql ^air ^air 


Ql 


C^AT 


P 


850 X 1000 
1.004 X 10 


= 84 661 kg/s 


Probably too large to make, so some cooling by liquid water or evaporative 
cooling should be used. 
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7.24 

A car engine delivers 25 hp to the driveshaft with a thermal efficiency of 30%. 
The fuel has a heating value of 40 000 kJ/kg. Find the rate of fuel consumption 
and the combined power rejected through the radiator and exhaust. 

Solution; 


Heating value (HV); = m-HV 

From the definition of the thermal efficiency 

W = T] Qj_j = Tj- m-HV 


W 


25 X 0.7355 


m = 


p-HV 0.3 X 40 000 


= 0.00153 kg/s = 1,53 g/s 


Conversion of power from hp to kW in Table A.l. 



Qjj - W = (W/p -W ) 





1) 25 X 0.7355 = 42.9 kW 



Fuel line 
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12S 

For each of the cases below determine if the heat engine satisfies the first law 
(energy equation) and if it violates the second law. 


a. 

Qh = 6 kW, 

Ql = 4 kW, 

W = 2kW 

b. 

Qh = 6 kW, 

Ql = 0 kW, 

W = 6kW 

c. 

Qjj = 6 kW, 

Ql = 2 kW, 

W = 5kW 

d. 

Qh = 6 kW, 

Ql = 6 kW, 

W = 0kW 


Solution; 



1 '^*. law 

law 

a 

Yes 

Yes (possible) 

b 

Yes 

No, impossible Kelvin - Planck 

c 

No 

Yes, but energy not conserved 

d 

Yes 

• 

Yes (Irreversible Q over AT) 
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126 

In a steam power plant 1 MW is added in the boiler, 0.58 MW is taken out in the 
eondenser and the pump work is 0.02 MW. Find the plant thermal effieiency. If 
everything could be reversed find the coefficient of performance as a refrigerator. 

Solution; 



W 


T 


Oth 


Wt, - Wp. 

T P,in 


Q 


H 


CV. Total plant: 

Energy Eq.; 

Qh + = Wt + Ql 

Wj = 1 + 0.02 - 0.58 = 0.44 MW 


440 - 20 
1000 


0.42 



580 

440 - 20 


1.38 
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121 

Electric solar cells can produce power with 15% efficiency. Compare that to a 
heat engine driving an electric generator with 80% efficiency. What should the 
heat engine efficiency be to have the same overall efficiency as the solar cells? 


Solution: 

• • • • 

^el ~ Qh ^cell ~ ^gen ^eng ~ ^gen ^eng Qf^eng 



Tlcell = 11 


gen 




0.15 

0.8 


0.1875 





Sonntag, Borgnakke and van Wylen 


7.28 

For each of the cases in problem 7.25 determine if a heat pump satisfies the first 
law (energy equation) and if it violates the second law. 


• • • 


a. 

Qh = 6 kW, 

Ql = 4 kW, 

W = 2kW 

b. 

Qh = 6 kW, 

Ql = 0 kW, 

W = 6kW 

c. 

Qjj = 6 kW, 

Ql = 2 kW, 

W = 5kW 

d. 

Qh = 6 kW, 

Ql = 6 kW, 

W = 0kW 


Solution; 



l'^*. law 

2 "‘^ law 

a 

Satisfied 

Does not violate 

b 

Satisfied 

Does not violate 

c 

Violated 

Does not violate, but 1 law 

d 

Satisfied 

Does violate, Clausius 


\ Th 

/ 
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7.29 

An air-conditioner discards 5.1 kW to the ambient with a power input of 1.5 kW. 
Find the rate of cooling and the coefficient of performance. 

Solution; 


In this case Qj_j = 5.1 kW goes to the ambient so 
Energy Eq. ; Qj^ = Qjj - W = 5.1 - 1.5 = 3,6 kW 


Prefrig 





1.5 kW 
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7.30 

Calculate the amount of work input a refrigerator needs to make lee eubes out of a 

tray of 0.25 kg liquid water at 10®C. Assume the refrigerator has P = 3.5 and a 
motor-compressor of 750 W. How mueh time does it take if this is the only 
cooling load? 

Solution: 

C.V. Water in tray. We negleet tray mass. 

Energy Eq.: m(u 2 - ui) = 1 Q 2 - 1 W 2 
Process : P = constant = P^ 

1 W 2 = ! P dV = Pom(v2 - vi) 

1 Q 2 = m(u2 - ui) + 1 W 2 = m(h2 - h^) 

Tbl. B.1.1 : hi =41.99 kJ/kg, Tbl. B.1.5 : h2 = - 333.6 kJ/kg 

1 Q 2 = 0.25(-333.4 - 41.99 ) = - 93.848 kJ 

Consider now refrigerator 

p = Ql/W 

w = Ql/P = - 1 Q 2 / P = 93.848/3.5 = 26.81 kJ 

Eor the motor to transfer that amount of energy the time is found as 

W = j W dt = W At 

At = W/W = (26.81 X 1000)/750 = 35.75 s 

Comment: We neglected a baseload of the refrigerator so not all the 750 
W are available to make ice, also our coeffieient of performanee is very 
optimistic and finally the heat transfer is a transient proeess. All this 
means that it will take much more time to make iee-cubes. 
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7.31 

A house should be heated by a heat pump, P' = 2.2, and maintained at 20®C at all 
times. It is estimated that it looses 0.8 kW per degree the ambient is lower than 

the inside. Assume an outside temperature of-10°C and find the needed power to 
drive the heat pump? 

Solution ; Ambient Tj^ = -10®C 

Heat pump : P' = Qh^W 

House : = Qigak = 0.8 ( Tj^ - T^) 

w = Qh/P' = Qleak / p' = 0.8 ( - Tl) / p' 

= 0.8[20 - (-10)] /2.2 = 10.91 kW 
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7.32 

Refrigerant-12 at 95°C, x = 0.1 flowing at 2 kg/s is brought to saturated vapor in a 
eonstant-pressure heat exchanger. The energy is supplied by a heat pump with a 
coefficient of performance of P' = 2.5. Find the required power to drive the heat 
pump. 

Solution; 


C.V. Heat exchanger 


• • 



m^hj + Qjj = vcv-^2 
Given coefficient of performance 







W 



Table B.3.1: 

hj = hf.+ Xjhfg = 140.23 + 0.1 x 71.71 = 147.4 kJ/kg, 

h2 = hg = 211.94kJ/kg 


Energy equation for line 1-2; 


Qh = 12(^2 ' ^ 129.1 kW 



129.1 

2.5 


= 51.6 kW 
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Second Law and Processes 
7.33 

Prove that a cyclic device that violates the Kelvin-Planck statement of the second 
law also violates the Clausius statement of the second law. 

Solution; Proof very similar to the proof in section 7.2. 


H.E. violating Kelvin receives Qj_j from 
Tjj and produces net W = Qj^. 

This W input to H.P. receiving Qj^ from Tj 

H.P. discharges Qj^ + Qj^ to . Net Q to 
Th is : -Qjj Qh Ql ^ Qp- 
H.E. + H.P. together transfers from Tj^ 
to Tjj with no W thus violates Clausius. 



(he) i=z>(hp) 


A 


C.V. Total 


Ql 
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7.34 

Discuss the factors that would make the power plant cyele described in Problem 
6.99 an irreversible cyele. 

Solution: 

General diseussion, but here are a few of the most significant factors. 

1. Combustion process that generates the hot souree of energy. 

2. Heat transfer over finite temperature difference in boiler. 

3. Flow resistance and friction in turbine results in less work out. 

4. Flow friction and heat loss to/from ambient in all pipings. 
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7.35 

Assume a cyclic machine that exchanges 6 kW with a 250°C reservoir and has 

a. QL = 0kW,W = 6kW 

b. QL = 6kW,W = 0kW 

and Ql is exchanged with a 30°C ambient. What can you say about the 

processes in the two cases a and b if the machine is a heat engine? Repeat the 
question for the case of a heat pump. 

Solution: 

Heat engine 

a. Since Qj^ = 0 impossible Kelvin - Planck 

b. Possible, irreversible, rieng= 0 
Heat pump 

a. Possible, irreversible (like an electric heater) 

b. Impossible, P ^ oo, Clausius 
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136 

Discuss the factors that would make the heat pump deseribed in Problem 6.106 an 
irreversible eycle. 

Solution; 

General diseussion but here are a few of the most signifieant faetors. 

1. Unwanted heat transfer in the eompressor. 

2. Pressure loss (baek flow leak) in eompressor 

3. Heat transfer and pressure drop in line 1 => 2. 

4. Pressure drop in all lines. 

5. Throttle proeess 3 => 4. 
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7.37 

The water in a shallow pond heats up during the day and cools down during the 
night. Heat transfer by radiation, conduction and convection with the ambient 
thus cycles the water temperature. Is such a cyclic process reversible or 
irreversible? 

Solution; 

All the heat transfer takes place over a finite AT and thus all the heat 
transfer processes are irreversible. 

Conduction and convection have AT in the water, which is internally 
irreversible and AT outside the water which is externally irreversible. The 
radiation is absorbed or given out at the water temperature thus internally 
(for absorption) and externally (for emission) irreversible. 
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7.38 

Consider a heat engine and heat pump eonnected as shown in figure P.7.38. 
Assume = 7^2 ^ and determine for eaeh of the three eases if the setup 

satisfy the first law and/or violates the I"'* law. 



Qhi 


6 

6 

3 


Qli 


4 

4 

2 



Qh2 


3 
5 

4 


Ql2 


2 

4 

3 



Solution: 

a 

b 

e 


law 

Yes 

Yes 

Yes 


2"*^ law 

Yes (possible) 

No, eombine Kelvin - Planck 
No, combination clausius 
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7.39 

Consider the four oases of a heat engine in problem 7.25 and determine if any of 
those are perpetual machines of the first or second kind. 


a. 

Qh = 6 kW, 

Ql = 4 kW, 

W = 2kW 

b. 

Qh = 6 kW, 

Ql = 0 kW, 

W = 6kW 

c. 

Qh = 6 kW, 

Ql = 2 kW, 

W = 5kW 

d. 

Qh = 6 kW, 

Ql = 6 kW, 

W = 0kW 



Solution: 



C*. law 
Yes 
Yes 


c No 


d Yes 


law 

Yes (possible) 

No, impossible Kelvin - Planck 
Perpetual machine second kind 

It violates the 2"‘^ law converts all Q to W 

Yes, but energy not conserved 

Perpetual machine first kind 
It generates energy inside 

Yes (Irreversible Q over AT) 
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Carnot Cycles and Absolute Temperature 
7.40 

Calculate the thermal efficiency of a Carnot cycle heat engine operating between 
reservoirs at 300®C and 45®C. Compare the result to that of Problem 7.18. 


Solution: 


Pth / Qjj 1 j 


= 1 - 


45 + 273 


300 + 273 ^ (Carnot) 


07.18 ^ 0.225 (effieiency about 14 of the Carnot) 
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7.41 

At a few places where the air is very cold in the winter, like -30®C it is possible 

to find a temperature of 13®C down below ground. What efficiency will a heat 
engine have operating between these two thermal reservoirs? 

Solution; 


^TH Th ^ 

The ground becomes the hot source and 
the atmosphere becomes the cold side of 
the heat engine 



273-30 
273 + 13 



This is low because the modest 
temperature difference. 














Sonntag, Borgnakke and van Wylen 


7.42 

Calculate the coefficient of performance of a Camot-cycle heat pump operating 
between reservoirs at 0°C and 45°C. Compare the result with that of Problem 
7.21. 

Solution; 

= 0°C = 273.2 K; = 45°C = 318.2 K 

Tu 318 2 

Carnot: p'= ^ =^^ = 7,07 (7.21 has p'= 2.17) 

H L 


From solution to Problem 6.106, 

CV: Condenser 

Qcond = >^(^3 - ^ 2 ) 

= 0.05(79.7 -253) 

= -8.665 kW 

Then with the work as -Wj^ = 4.0 kW we 
have 



Heat pump; 


p' = Qh/Win 


8.665 

4.0 


2.166 

































Sonntag, Borgnakke and van Wylen 


7.43 

Find the power output and the low T heat rejection rate for a Carnot cycle heat 
engine that receives 6 kW at 250”C and rejects heat at 30°C as in Problem 7.35. 

Solution: 

From the definition of the absolute temperature Eq. 7.8 

Jl_ 303 

ficamot ~ 1 “ — 1 — 223 ~ 0.42 

Definition of the heat engine efficiency gives the work as 

W = p Qh = 0-42 X 6 = 2,52 kW 

Apply the energy equation 


Ql = Qh - W = 6 - 2.52 = 3.48 kW 



Sonntag, Borgnakke and van Wylen 


7.44 

A car engine bums 5 kg fuel (equivalent to addition of Qjj) at 1500 K and rejects 

energy to the radiator and the exhaust at an average temperature of 750 K. If the 
fuel provides 40 000 kJ/kg what is the maximum amount of work the engine can 
provide? 

Solution; 


A heat engine = m = 5 x 40000 = 200 000 kJ 
Assume a Carnot efficiency (maximum theoretical work) 


Tl 750 

T] = 1 -7;^= 1 - 


T 


H 


1500 


W = Tl = 100 000 kJ 




Air intake filter Fan Radiator 

c 



Exhaust flow 


Coolant flow 
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7.45 

Differences in surface water and deep water temperature can be utilized for power 
generation. It is proposed to construct a cyclic heat engine that will operate near 

Hawaii, where the ocean temperature is 20°C near the surface and 5°C at some 
depth. What is the possible thermal efficiency of such a heat engine? 


Solution; 


Tjj = 20°C = 293.2 K; = 5°C = 278.2 K 


''^THMAX 


T - T 


T 


H 


293.2 -278.2 
293.2 


= 0.051 


This is a very low efficiency so it has to be done on a very large scale to be 
economically feasible and then it will have some environmetal impact. 
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7.46 

Find the maximum coefficient of performance for the refrigerator in your kitchen, 
assuming it runs in a Carnot cycle. 

Solution; 


The refrigerator coefficient of performance is 

P = Q^/W = Q, /(Q„ - Qt ) = T, /(T„ - T,) 




L 




L 


Assuming - 0°C, - 35°C, 


p < 


L 

273.15 

35-0 


= 7.8 


Actual working fluid temperatures must be such that 

^ "^refrigerator ^ "^room 



A refrigerator does not operate in a 
Carnot cycle. The actual vapor 
compression cycle is examined in 
Chapter 11. 
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lAl 

An air-conditioner provides 1 kg/s of air at 15°C cooled from outside atmospheric 
air at 35°C. Estimate the amount of power needed to operate the air-conditioner. 
Clearly state all assumptions made. 

Solution; 

Consider the cooling of air which needs a heat transfer as 

Qair = ril Ah = m CpAT = 1 kg/s x 1.004 kJ/kg K x 20 K = 20 kW 
Assume Carnot cycle refrigerator 



W 


= Ql/(Qh-Ql) = 



273 + 15 
35 - 15 


14.4 


W = Ql/P = 


20.0 

14.4 


= 1.39 kW 


This estimate is the theoretical maximum 
performance. To do the required heat 
transfer Tl = 5°C and Tjj = 45°C are 

more likely; secondly 

P < Pcarnot 
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7.48 

We propose to heat a house in the winter with a heat pump. The house is to be 
maintained at 20°C at all times. When the ambient temperature outside drops to 
-10°C, the rate at which heat is lost from the house is estimated to be 25 kW. 
What is the minimum electrical power required to drive the heat pump? 


Solution; 


Minimum power if we 
assume a Carnot cycle 


Qh - Qleak - 25 kW 




T 


H 


T -T 


293.2 

30 


9.773 ^ 



25 

9.773 


= 2.56 kW 
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7.49 

A sales person selling refrigerators and deep freezers will guarantee a minimum 
coefficient of performance of 4.5 year round. How would you evaluate that? Are 
they all the same? 

Solution; 

Assume a high temperature of 35°C. If a freezer compartment is included 
T. ~ -20°C (deep freezer) and fluid temperature is then T. ~ -30°C 


Pdeep freezer ^ V(Th ' Tl) = (273.15 - 30)/[35 - (-30)] = 3.74 
A hot summer day may require a higher to push out into the room, so 
even lower p. 

Claim is possible for a refrigerator, but not for a deep freezer. 
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7.50 


A cyclic machine, shown in Fig. P7.50, receives 325 kJ from a 1000 K energy 
reservoir. It rejects 125 kJ to a 400 K energy reservoir and the cycle produces 200 
kJ of work as output. Is this cycle reversible, irreversible, or impossible? 


Solution; 


, A 

^Carnot ^ T„ 

ri 

W 200 

^eng “ “ 325 “ ^ ^Carnot 

This is impossible. 


^ 1000 







/ T. = 400 K\ 
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7.51 

An inventor has developed a refrigeration unit that maintains the eold spaee at 
-10°C, while operating in a 25°C room. A coefficient of performance of 8.5 is 
claimed. How do you evaluate this? 


Solution; 


Pcamot 


Ql Tl 


263.15 


Win Th-Tl 25 -(-10) 


= 7.52 


^ Pcamot 


impossible claim 
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7.52 

A household freezer operates in a room at 20°C. Heat must be transferred from 
the eold spaee at a rate of 2 kW to maintain its temperature at -30°C. What is the 
theoretieally smallest (power) motor required to operate this freezer? 

Solution; 


Assume a Carnot cycle between T. = -30°C and 



= 20°C: 



273.15 -30 
20 - (-30) 


4.86 


Win = Ql/P = 2/4.86 = 0.41 kW 


\Tamb_/ 


Q 


H 





T 


\ 


L 


This is the theoretical minimum power input. 
Any actual machine requires a larger input. 
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7.53 

In a cryogenic experiment you need to keep a container at -125°C although it 
gains 100 W due to heat transfer. What is the smallest motor you would need for a 
heat pump absorbing heat from the container and rejeeting heat to the room at 

20°C? 


Solution; 


We do not know the actual device so find the work for a Carnot cycle 


T 


Pref Ql ^ ^ T 


L 


148.15 


- T 

H 


20-(-125) 


= 1.022 


=> W = Ql/Prep = 100/1.022 = 97.8 W 
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7.54 

A temperature of about 0.01 K ean be aehieved by magnetic cooling. In this 
process a strong magnetic field is imposed on a paramagnetic salt, maintained at 1 
K by transfer of energy to liquid helium boiling at low pressure. The salt is then 
thermally isolated from the helium, the magnetic field is removed, and the salt 
temperature drops. Assume that 1 mJ is removed at an average temperature of 0.1 
K to the helium by a Carnot-cycle heat pump. Find the work input to the heat 
pump and the coefficient of performance with an ambient at 300 K. 


Solution: 


P = Ql/Win = 

H L 

• IxlQ-^ 

^IN “ 0.00033 

Remark: This is an extremely large temperature difference for a heat pump. 



Sonntag, Borgnakke and van Wylen 


7-55 

The lowest temperature that has been achieved is about 1 x 10^^ K. To achieve 
this an additional stage of cooling is required beyond that described in the 
previous problem, namely nuclear cooling. This process is similar to magnetic 
cooling, but it involves the magnetic moment associated with the nucleus rather 
than that associated with certain ions in the paramagnetic salt. Suppose that 10 pJ 

is to be removed from a specimen at an average temperature of 10^^ K (ten 
microjoules is about the potential energy loss of a pin dropping 3 mm). Find the 
work input to a Carnot heat pump and its coefficient of performance to do this 
assuming the ambient is at 300 K. 


Solution; 


Ql= 10 pJ= 10x10"^ J atTL=10‘^K 


Q„ = Qt X lOxlO'6 X ^ 

H L Tl ^q-5 


= 300 J 


-6 


Win = Qh - Ql = 300 - 10x10'^ ^ 300 J 



10x10"^ 


3.33x10'^ 


300 
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7.56 

A certain solar-energy collector produces a maximum temperature of 100°C. The 
energy is used in a cyclic heat engine that operates in a 10°C environment. What 
is the maximum thermal efficiency? What is it, if the collector is redesigned to 
focus the incoming light to produce a maximum temperature of 300°C? 


Solution; 


ForTj^ 

^th max 
ForTj^ 



max 


100°C = 373.2 K 

Th-Tl _ 90 
Th 373.2^ 

300°C = 573.2 K 

Th-Tl _ 290 
Th ~ 513 . 1 ' 


& Tl = 283.2 K 

0.241 

& Tl = 283.2 K 

0.506 
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7.57 

Helium has the lowest normal boiling point of any of the elements at 4.2 K. At 
this temperature the enthalpy of evaporation is 83.3 kJ/kmol. A Carnot 
refrigeration eyele is analyzed for the production of 1 kmol of liquid helium at 4.2 
K from saturated vapor at the same temperature. What is the work input to the 
refrigerator and the coefficient of performance for the cycle with an ambient at 

300 K? 


Solution: 

For the Carnot cycle the ratio of the heat transfers is the ratio of temperatures 


T 


Qh=q 


L ^ T 


^-=83.3 x^ = 5950 kJ 


L 


4.2 


Win = Qh - Ql = 




83.3 

5886.7 


0.0142 
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7.58 

Calculate the amount of work input a refrigerator needs to make ice eubes out of a 

tray of 0.25 kg liquid water at 10®C. Assume the refrigerator works in a Carnot 

cycle between -8°C and 35®C with a motor-eompressor of 750 W. How much 
time does it take if this is the only cooling load? 

Solution: 

C.V. Water in tray. We neglect tray mass. 

Energy Eq.: m(u 2 - ui) = 1 Q 2 - 1 W 2 
Process : P = constant + P^ 

1 W 2 = ! P dV = Pom(v2 - vi) 

1 Q 2 = m(u2 - ui) + 1 W 2 = m(h2 - h^) 

Tbl. B.1.1 : hi = 41.99 kJ/kg, Tbl. B.1.5 : h2 = - 333.6 kJ/kg 

1 Q 2 = 0.25(-333.4 - 41.99 ) = - 93.848 kJ 


Consider now refrigerator 

Ql _ Ql \ 

P w Qh-Ql Th-Tl 


273 -8 
35 - (-8) 


6.16 




93.848 

6.16 


15.24 kJ 


Eor the motor to transfer that amount of energy the time is found as 


W = j W dt = W At 



W 


15.24 x1000 
750 


= 20.3 s 


Comment: We neglected a baseload of the refrigerator so not all the 750 
W are available to make ice, also our eoefficient of performance is very 
optimistic and finally the heat transfer is a transient proeess. All this 
means that it will take much more time to make iee-eubes. 
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7.59 

A steel bottle V = 0.1 contains R-134a at 20°C, 200 kPa. It is placed in a deep 
freezer where it is cooled to -20°C. The deep freezer sits in a room with ambient 
temperature of 20°C and has an inside temperature of -20°C. Find the amount of 
energy the freezer must remove from the R-134a and the extra amount of work 
input to the freezer to do the process. 


Solution; 


C.V. R-134a out to the -20 °C space. 

Energy equation: m(u 2 - u^) = 1 Q 2 - 1 W 2 


Process : V = Const 


=> 


V2= Vi => iW2 = 0 


Table B.5.2: v^ = 0.11436 m^/kg, u^ = 395.27 kJ/kg 

m = V/ vi = 0.87443 kg 

State 2: V 2 = v^ <Vg = 0.14649 Table B.5.1 => 2 phase 

v-Vf 0.11436-0.000738 „ „ 

=> X2 =-=--= 0.77957 


^fg 


0.14576 


U 2 = 173.65 + 0.77957 x 192.85 = 323.99 kJ/kg 
1 Q 2 = m(u2 - ui) = - 62,334 kJ 


Consider the freezer and assume Carnot cycle 




Q 


L 


T 


L 


_ 273 - 20 

Qh-Ql“ Th-Tl“ 20-(-20) 


= 6.33 


Win = Ql / P = 62.334 / 6.33 = 9.85 kJ 
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7.60 

Liquid sodium leaves a nuelear reactor at 800°C and is used as the energy souce 
in a steam power plant. The condenser cooling water comes from a cooling tower 
at 15°C. Determine the maximum thermal efficiency of the power plant. Is it 
misleading to use the temperatures given to calculate this value? 


Solution; 


800 °C 


REACTOR o 



ENERGY 
TO H 2 O 


LIQ Na 


ENERGY 

FROM 

STEAM 
POWER 
PLANT 




COND . 


COOLING 

TOWER 



Tj^ = 800°C= 1073.2 K, T, = 15°C = 288.2 K 


^TH MAX 


L 


R'L 1073.2 -288.2 


T 


H 


1073.2 


= 0.731 


It might be misleading to use 800°C as the value for Tjj, since there is not a 

supply of energy available at a constant temperature of 800°C (liquid Na is 
cooled to a lower temperature in the heat exchanger). 

^ The Na cannot be used to boil H 2 O at 800°C. 

Similarly, the H 2 O leaves the cooling tower and enters the condenser at 15°C, 
and leaves the condenser at some higher temperature. 

^ The water does not provide for condensing steam at a 

constant temperature of 15°C. 




Sonntag, Borgnakke and van Wylen 


7.61 

A thermal storage is made with a rock (granite) bed of 2 m^ which is heated to 
400 K using solar energy. A heat engine receives a Qjj from the bed and rejects 

heat to the ambient at 290 K. The rock bed therefore cools down and as it reaches 
290 K the process stops. Find the energy the rock bed can give out. What is the 
heat engine efficiency at the beginning of the process and what is it at the end of 
the process? 


Solution; 


Assume the whole setup is reversible and that the heat engine operates in a 
Carnot cycle. The total change in the energy of the rock bed is 

U 2 - ui = q = C AT = 0.89 (400 - 290) = 97.9 kJ/kg 

m = pV = 2750 X 2 = 5500 kg , Q = mq = 5500 x 97.9 = 538 450 kJ 
To get the efficiency use the CARNOT as 

r] = 1 - Tq/Tjj = 1 - 290/400 = 0,275 at the beginning of process 
T] = 1 - Tq/Th = 1 - 290/290 = 0,0 at the end of process 

A 


w 
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7.62 

A heat engine has a solar collector receiving 0.2 kW per square meter inside 
which a transfer media is heated to 450 K. The collected energy powers a heat 

engine which rejects heat at 40°C. If the heat engine should deliver 2.5 kW what 
is the minimum size (area) solar collector? 


Solution; 


Th = 450K Tl = 40°C = 313.15 K 

, 313.15 _ 

1 - —= 1 - =0.304 


hHE 


T 


H 


450 


w = P Qh => 



2.5 

0.304 


= 8.224 kW 


Q]-[ — 0.2 A —> 



41 
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7.63 

Sixty kilograms per hour of water runs through a heat exehanger, entering as 
saturated liquid at 200 kPa and leaving as saturated vapor. The heat is supplied by 
a Carnot heat pump operating from a low-temperature reservoir at 16°C. Find the 
rate of work into the heat pump. 

Solution: 


C.V. Heat exchanger 


m^ = m 


2 


• • • 

m^h^ + Qjj = m^h2 


Table B. 1.2: h^ = 504.7, h 2 = 2706.7 
Th = = 120.93 +273.15 = 394.08 


Qh = = ^(2706.7 - 504.7) = 36.7 kW 


60 



Assume a Carnot heat pump. 


P' = Qh/W = Th / (Th - Tl) = 394.08 / 104.93 = 3.76 
W = Qjj/p' = 36.7/3.76 = 9.76 kW 
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7.64 


A heat pump is driven by the work output of a heat engine as shown in figure 


P7.64. If we assume ideal deviees find the ratio of the total power that 


H2 


heats the house to the power from the hot energy source in terms of the 
temperatures. 


Php 


= QuAQu.- Qt o) = 


room 


HrvvH2 T -T , 

room amb 


^ ^HE • QhI 


= (1-^)Q 


HI 


^ Qh2^PhP 


room 


Q 


T -T , ^H2 

room amb 


Qpr Qhi- w 


^ room^ 1 

[ 1-1 + j ] 

1h 


Q tn + Q 


1- 


room 


H2 '<L1 


= 1-1 + 


room 


« 

Q 


HI 


T -T . 

room amb 


room 


T T - /T„ 

room room room H 

T T -T 

H room amb 


1 - 


room 


T [-7^ + 

room k. 


T -T , 

room amb 


T - T 

room H room 

rp [1 Y _ Y J 

H room amb 

T -T 

room H amb 

T T -T 

^room ^amb 
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7.65 

It is proposed to build a 1000-MW electric power plant with steam as the working 
fluid. The condensers are to be cooled with river water (see Fig. P7.65). The 
maximum steam temperature is 550°C, and the pressure in the condensers will be 
10 kPa. Estimate the temperature rise of the river downstream from the power 
plant. 

Solution; 


= 10^ kW, Tjj = 550°C = 823.3 K 
Pcond = ^ ^ ^ 10 kPa) = 45.8°C = 319 K 


^TH CARNOT 



823.2 -319 
823.2 


0.6125 


« 

Q 


LMIN 


= 10 ^ 


ri -0.6125 


0.6125 


N 


V 


= 0.6327 X 10^ kW 


/ 


But m 


H20 


60 X 8 X 10/60 

0.001 


= 80 000 kg/s having an energy flow of 


Ql min ’^H20 ^1^ ’^H20 LIQ H 2 O ^^H20 MIN 



H 2 O MIN 


Ql min 


’^H20^P LIQ H 2 O 


0.6327x10^ 

80000 x 4.184 


1.9°C 
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IM 

Two different fuels ean be used in a heat engine operating between the fuel 
burning temperature and a low temperature of 350 K. Fuel A burns at 2200 K 
delivering 30 000 kJ/kg and eosts $1.50/kg. Fuel B bums at 1200 K, delivering 
40 000 kJ/kg and eosts $ 1.30/kg. Whieh fuel will you buy and why? 


Solution; 

Fuel A; = 



Fuel B; 


Wa = p jjj ^ X = 0.84 X 30 000 = 25 200 kJ/kg 
W^/$^ = 25 200/1.5 = 16 800 kJ/$ 



Wg = pgg g X Qg = 0.708 X 40 000 = 28 320 kJ/kg 
Wg/$g = 28 320/1.3 = 21 785 kJ/$ 

Seleet fuel B for more work per dollar though it has a lower thermal effieiency. 
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Finite AT Heat Transfer 


7.67 

A refrigerator keeping 5°C inside is located in a 30°C room. It must have a high 
temperature AT above room temperature and a low temperature AT below the 
refrigerated space in the cycle to actually transfer the heat. For a AT of 0, 5 and 

10°C respectively calculate the COP assuming a Carnot cycle. 


Solution: 


From the definition of COP and assuming Carnot cycle 

Ql 

P = ^ - - when T’s are absolute temperatures 


L 


IN 


T - T 



AT 

T 

T 

Tl 

Tl 

P 



«C 

K 

«C 

K 


a 

0 

30 

303 

5 

278 

11.1 

b 

5 

35 

308 

0 

273 

7.8 

c 

10 

40 

313 

-5 

268 

5.96 


Notice how the COP drops significantly with the increase in AT. 
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7.68 

A refrigerator uses a power input of 2.5 kW to eool a 5°C spaee with the high 
temperature in the cycle as 50°C. The Qjj is pushed to the ambient air at 35°C in a 

heat exchanger where the transfer coefficient is 50 W/m^K. Find the required 
minimum heat transfer area. 

Solution: 


W = 2.5 kW = Qh / Php 


Qh = W X Php = 2.5 X [323 / (50 - 5)] = 17.95 kW = h A AT 



17.95 X 103 
50x 15 


= 23.9 m2 
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7.69 

A house is heated by a heat pump driven by an electrie motor using the outside as 
the low-temperature reservoir. The house loses energy directly proportional to the 

temperature difference as Qiqss “ K(Th - Tl). Determine the minimum electric 
power to drive the heat pump as a function of the two temperatures. 


Solution: 

Heat pump COP: p' = ^ ’ 


Heat loss must be added: Qjj= Qioss ^ ‘ ^l) 

Solve for required work and substitute in for P' 


Win = Qyp' ^ K(T„ - T,) X (T„ - T J/T„ 

Win ^ K(T„ - T,)2/T„ 
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7.70 

A farmer runs a heat pump with a motor of 2 kW. It should keep a chicken 

hatchery at 30°C which loses energy at a rate of 0.5 kW per degree difference to 
the colder ambient. The heat pump has a coefficient of performance that is 50% of 
a Carnot heat pump. What is the minimum ambient temperature for which the 
heat pump is sufficient? 


Solution; 

C.V. Hatchery, steady state. 

To have steady state at 30®C for the hatchery 


Energy Eq.; Q^= Q, = p a pW 


Loss 


AC 


Process Eq.; 0.5 (T^ -T^^^); 

COP for the reference Carnot heat pump 


P 


AC 


= y2p 


CARNOT 


P 


« 

Q 


H 


« 

Q 


H 


T 


H 


T 


H 


CARNOT 


W Qj^-Q 


T - T 


T - T 

^ H ^ amb 


L 


Substitute the process equations and this P c^RNOT energy Eq. 


T 


0-5 (Th -Lmb) = 


H 


T - T 

^ H ^ amb 


w 



T^mb= 30 - 24.62 = S.SS^C 


Comment; That of course is not a very low temperature and the size of the system 
is not adequate for most locations. 
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7.71 


Consider a Carnot cycle heat engine operating in outer space. Heat can be rejected 
from this engine only by thermal radiation, which is proportional to the radiator 

area and the fourth power of absolute temperature, grad ~ KAT^. Show that for a 

given engine work output and given Th, the radiator area will be minimum when 

the ratio Tl/Th = 3/4. 


Solution; 


W 


NET 


= Q 


H 




V 


T 


H 


= Q 


L 


/ 




V 


T 


L 


also 


Ql = kaTl 


/ 


W AT 

vVnet 


KT 


H 


T 


H 


/^T ^ 

H , 




3 


4 “ 

-_ 1 

T, 

= A 


Ttt 

- 

Ttt 


V L j 



V Hy 


V Hy 



= const 


Differentiating, 





3 


A 




2 


3" 




T.. 

- 

T.. 


+ A 

3 

T.. 

-4 

T.. 


d 

T.. 


V Hy 


V Hy 




V Hy 


V Hy 



V Hy 





for min. A 


Check that it is minimum and 
not maximum with the 
derivative > 0. 
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7.72 

A house is heated by an eleetric heat pump using the outside as the low- 
temperature reservoir. For several different winter outdoor temperatures, estimate 
the pereent savings in eleetricity if the house is kept at 20°C instead of 24°C. 
Assume that the house is losing energy to the outside as in Eq. 7.17. 

Solution; 


Heat Pump 


Qloss (Th-Tl) 


Max 

Perf 




k(Th - Tl) 



Win 


K(Th - Tl)2 

Th 


A;Th =24°C = 297.2 K 


B: THg = 20°C = 293.2 K 




Tl,°C 

Win^/k 

WiNg/K 

% saving 

-20 

6.514 

5.457 

16.2 % 

-10 

3.890 

3.070 

21.1 % 

0 

1.938 

1.364 

29.6 % 

10 

0.659 

0.341 

48.3 % 



Sonntag, Borgnakke and van Wylen 


7.73 

A house is cooled by an electric heat pump using the outside as the high- 
temperature reservoir. For several different summer outdoor temperatures, 
estimate the percent savings in electricity if the house is kept at 25°C instead of 
20°C. Assume that the house is gaining energy from the outside directly 
proportional to the temperature difference as in Eq. 7.17. 

Solution; 

Air-conditioner (Refrigerator) Qleak (^h ‘ ^l) 

Max Ql _ Tl _ K(Th - Tl) . _ K(Th - Tl)2 

Perf , Th-Tt , ’ Xt 

Win Win 

A:T. =20°C = 293.2 K B; Ti „= 25°C = 298.2 K 

La 


Th,°C 

Win^/k 

WiNg/K 

% saving 

45 

2.132 

1.341 

37.1 % 

40 

1.364 

0.755 

44.6 % 

35 

0.767 

0.335 

56.3 % 
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7.74 

A heat pump has a coefficient of performance that is 50% of the theoretical 
maximum. It maintains a house at 20°C, which leaks energy of 0.6 kW per degree 
temperature difference to the ambient. For a maximum of 1.0 kW power input 
find the minimum outside temperature for which the heat pump is a sufficient heat 
source. 

Solution; 



C.V. House. For constant 20°C the heat pump must provide Qieak ^ 0-6 AX 

QH=Qleak=0.6(TH-TL) = P'W 

C.V. Heat pump. Definition of the coefficient of performance and the fact that 
the maximum is for a Carnot heat pump. 


P' = Qh/W = Qh/(Qh-Ql) = 0.5 p'camot = 0.5 x Th / (Th - Tl ) 
Substitute into the first equation to get 

0.6 (Th - Tl) = [ 0.5 x Tj^/(Th - Tl) ] 1 => 

(Th - Tl )2 = (0.5 / 0.6) Th X 1 = 0.5 / 0.6 x 293.15 = 244.29 
Th - Tl = 15.63 => Tl = 20 - 15.63 = 4.4 °C 
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7.75 

An air conditioner cools a house at Tl = 20°C with a maximum of 1.2 kW power 

input. The house gains 0.6 kW per degree temperature difference to the ambient 
and the refrigeration COP is P = 0.6 Pcamot- the maximum outside 
temperature, Tjj, for whieh the air eonditioner provides suffieient eooling. 


Solution: 



Here: 


Tl = Th 


ouse 



In this setup the low temperature spaee is the house and the high 
temperature space is the ambient. The heat pump must remove the gain or 
leak heat transfer to keep it at a eonstant temperature. 

• • 

Qleak = 0-6 (Tamb ‘ Thouse) ^ Ql which must be removed by the heat pump. 


p = Ql / W = 0.6 Pcamot = 0-6 Thouse 


/ (Tamb - Th 


ouse 



• • 

Substitute in for and multiply with (T^uih - Thouse)W- 


0-6 (Tamb - Th ouse ) 


2 


= 0.6 Thouse W 


Since Thouse ^ 293.15 K and W = 1.2 kW it follows 

(Tamb - Thouse f = Th„„ae W = 293.15 X 1.2 = 351.78 


^ Tamb = 311.9 K = 38.8 °C 


Solving ^ (Tamb - Thouse) = 18.76 
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7.76 

A Carnot heat engine, shown in Fig. P7.76, receives energy from a reservoir at 
through a heat exchanger where the heat transferred is proportional to the 


temperature difference as = K(T^gg - T^)- It rejects heat at a given low 
temperature Ti. To design the heat engine for maximum work output show that 
the high temperature, in the cycle should be selected as 

Solution; 


T - T 

W = - X K(T_^ - T„) ; maximize W(T„) 


5W 


T 


H 


res 


H 


H 


-2 


5T 


H 


= V - K(1 - T, /T J = 0 


res 


U H 



a/T t 

V res 
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Ideal Gas Carnot Cycles 
7.77 

Hydrogen gas is used in a Carnot eyele having an effieiency of 60% with a low 
temperature of 300 K. During the heat rejeetion the pressure changes from 90 kPa 
to 120 kPa. Find the high and low temperature heat transfer and the net cycle 
work per unit mass of hydrogen. 

Solution; 

As the efficiency is known, the high temperature is found as 

Tl 

p = 0.6 = 1 - = > Th = Tl /(I - 0.6) = 750 K 

Now the volume ratio needed for the heat transfer, 73 = 14 = Tj^, is 

V 3 / V 4 = ( RT 3 / P 3 ) / ( RT 4 / P 4 ) = P 4 / P 3 = 120 / 90 = 1.333 

so from Eq.7.9 we have with R = 4.1243 from Table A.5 

Ol = RTl In (V 3 /V 4 ) = 355.95 kJ/kg 
Using the efficiency from Eq.7.4 then 

qn = qp / (1 - 0.6) = 889.9 kJ/kg 

The net work equals the net heat transfer 

w = qn - qL = 533.9 kJ/kg 
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7.78 

An ideal gas Carnot cycle with air in a piston cylinder has a high temperature of 
1200 K and a heat rejection at 400 K. During the heat addition the volume triples. 
Find the two specific heat transfers (q) in the cycle and the overall cycle 
efficiency. 

Solution; 


The P-v diagram of the cycle is 
shown to the right. 

From the integration along the 
process curves done in the main 
text we have Eq.7.7 

Oh = R Th ln(v2/vi) 

= 0.287 X 1200 ln(3) 

= 378.4 kJ/kg 

Since it is a Carnot cycle the knowledge 
efficiency as 


P 



of the temperatures gives the cycle 




400 

1200 


= = 0.667 


from which we can get the other heat transfer from Eq.7.4 

Ol = Oh Tl / Th = 378.4 400 / 1200 = 126.1 kJ/kg 
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Air in a piston/cylinder goes through a Carnot cycle with the P-v diagram shown 
in Fig. 7.24. The high and low temperatures are 600 K and 300 K respectively. 
The heat added at the high temperature is 250 kJ/kg and the lowest pressure in the 
cycle is 75 kPa. Find the specific volume and pressure after heat rejection and the 
net work per unit mass. 


Solution; 


qjj = 250 kJ/kg , Th = 600 K, Tl = 300 K, P 3 = 75 kPa 

The states as shown in figure 7.21 

1:600K, 2:600K, 3:75kPa, 300K 4:300 K 

Since this is a Carnot cycle and we know the temperatures the efficiency is 



After heat rejection is state 4. From equation 7.9 
3^4 Eq.7.9 : qj^ = RTl In (V 3 /V 4 ) 

V 3 = RT 3 / P 3 = 0.287 X 300 / 75 = 1.148 m3/kg 

V 4 = V 3 exp(-qj^/RTj^) = 1.148 exp(-125/0.287 x 300) = 0,2688 m^/kg 

P 4 = RT 4 / V 4 = 0.287 X 300 / 0.2688 = 320 kPa 
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Review Problems 


7.80 

A car engine operates with a thermal efficieney of 35%. Assume the air- 

conditioner has a coeffieient of performanee of P = 3 working as a refrigerator 
cooling the inside using engine shaft work to drive it. How much fuel energy 
should be spend extra to remove 1 kJ from the inside? 

Solution; 


Car engine: 


^ ^eng Qfuel 


Air eonditioner: 




^ ^eng Qfuel 


P 


1 


Qfuel = Ql / (Tleng P) = o.35 x 3 " 


\ y fuel 
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7.81 

An air-conditioner with a power input of 1.2 kW is working as a refrigerator (P = 
3) or as a heat pump (P' = 4). It maintains an offiee at 20°C year round whieh 
exchanges 0.5 kW per degree temperature differenee with the atmosphere. Find 
the maximum and minimum outside temperature for whieh this unit is suffieient. 


Solution: 


Analyze the unit in heat pump mode 


Replaeement heat transfer equals the loss: Q = 0.5 (Tj^ - 


• Qh 

W = -^ =0.5 


~ ^amb 

4 


W 

T.t - — 4 ^ — 9.6 K 


H 


0.5 


Heat pump mode: Minumum = 20 - 9.6 = 10,4 °C 


The unit as a refrigerator must eool with rate: Q = 0.5 


Q 


W - p - 0.5 (T^mb - Thouse) / ^ 


"^amb ■ "^house ^ 


0.5 


= 7.2K 


Refrigerator mode: Maximum = 20 + 7.2 = 27.2 °C 
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7.82 

A rigid insulated container has two rooms separated by a membrane. Room A 

contains 1 kg air at 200°C and room B has 1.5 kg air at 20°C, both rooms at 100 
kPa. Consider two different cases 

1) Heat transfer between A and B creates a final uniform T. 

2) The membrane breaks and the air comes to a uniform state. 

For both cases find the final temperature. Are the two processes reversible and 
different? Explain. 

Solution: 

C.V. Total A+B 

1) Energy Eq.: U 2 - = 1 Q 2 - 1 W 2 = 0 - 0 = 0 

U 2 -Ui =0 = mA(U 2 -Ui)A +mB(U 2 -Ui )b 

= m^ Cv(T 2 - Tai) + mB Cv(T 2 - Tbi) 

mA mB 1 E5 

=> T 2 = T Tai + 7 Tbi = ttt^ 200 + ttt X 20 

^ mA + mB mA + mB 2.5 2.5 

= 92«C 

Pa 2 = Pai X T 2 / Tai = 100 x (273 + 92) /473 = 77.2 kPa 
Pb2 = Pbi X T 2 / Tbi = 100 X (273 + 92) /293 = 124.6 kPa 

2) Same energy eq. Since ideal gas u(T) same T 2 = 92®C, but now also same P 2 

P 2 = mRT 2 /Vi; Vi=Va + Vb 

V 1 = ihaiRTai/ P 1 + mBiRTBi/ P 1 

P 2 ^ (i^ 2 P-T 2 / (mAiRTAi? Pi + mBiRTBi/ Pi)) 

2.5 (273 + 92) 

= Pi (m 2 T 2 / (hiaiTai + hibiTbi)) = 100 ^ ^ + I .5 x 293 

= 100 kPa 

Both cases irreversible 1) Q over a finite AT and in 2) mixing of 2 different states 
(internal u redistribution) 

(Case 2) is more irreversible as the final state in 1 could drive a turbine between 
the two different pressures until equal. 
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7.83 

At certain locations geothermal energy in undergound water is available and used 
as the energy source for a power plant. Consider a supply of saturated liquid 
water at 150°C. What is the maximum possible thermal efficiency of a cyclic heat 
engine using this source of energy with the ambient at 20°C? Would it be better to 
locate a source of saturated vapor at 150°C than use the saturated liquid at 150°C? 


Solution; 


W = 150°C = 423.2 K = Th ; = 20°C = 293.2 K = 


^THMAX 



130 

423.2 


0.307 


Yes. Saturated vapor source at 150°C would remain at 150°C as it 
condenses to liquid, providing a large energy supply at that temperature. 
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7.84 

We wish to produce refrigeration at -30°C. A reservoir, shown in Fig. P7.84, is 
available at 200°C and the ambient temperature is 30°C. Thus, work can be done 
by a cyclic heat engine operating between the 200°C reservoir and the ambient. 
This work is used to drive the refrigerator. Determine the ratio of the heat 
transferred from the 200°C reservoir to the heat transferred from the -30°C 
reservoir, assuming all processes are reversible. 


Solution; 

Equate the work from the heat engine to the refrigerator. 



Qhi 

H 

o 

1 

H 

/ T ^ 


( 60 ^ 

f473.23 

Ql2 

Tt 

V L y 

T - T 

U43.2j 

U70 J 


= 0.687 
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7.85 

A 4L jug of milk at 25°C is placed in your refrigerator where it is eooled down to 
5°C. The high temperature in the Carnot refrigeration eycle is 45°C and the 
properties of milk are the same as for liquid water. Find the amount of energy that 
must be removed from the milk and the additional work needed to drive the 
refrigerator. 

Solution; 

C.V milk + out to the 5 °C refrigerator spaee 

Energy Eq.: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Proeess : P = eonstant = 1 atm => 1 W 2 = Pm (v 2 - v^) 

State 1; Table B.1.1, vj = Vf= 0.001003 m^/kg, h^ = hf = 104.87 kJ/kg 

m 2 = mi = Vi/vi = 0.004 / 0.001003 = 3.988 kg 
State 2: Table B.1.1, h 2 = hf = 20.98 kJ/kg 

1 Q 2 = m(u 2 - ui) + 1 W 2 = m(u 2 - ui) + Pm (v 2 - Vi) = m(h 2 - hi) 

1 Q 2 = 3.998 (20.98 - 104.87) = -3.988 x 83.89 = - 334.55 kJ 

C.V. Refrigeration cyele Tl = 5 °C ; Tjf = 45 °C, assume Carnot 
Ideal; p = Ql / W = Ql / (Qh - Ql ) = V (Th - T^ 

= 278.15/40 = 6.954 
W = Ql / p = 334.55 / 6.954 = 48.1 kJ 


5”C 

AIR 



0 


0 
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7.86 

A combination of a heat engine driving a heat pump (see Fig. P7.86) takes waste 
energy at 50°C as a souree to the heat engine rejeeting heat at 30°C. The 

remainder Q.^2 into the heat pump that delivers a Qjj at 150°C. If the total 
waste energy is 5 MW find the rate of energy delivered at the high temperature. 

Solution; 


Waste supply: ^ 5 MW 

Heat Engine: 

W= fiQwl = (l-TLl/THi)Qwl 

Heat pump; 

W = Qh / Php = Qw2 ! P 

= Qw2 ! [Thi ! (Th - Thi )] 

Equate the two work terms: 

(1 - Tli / Thi ) Qwi = Qw2 ^ (Th - Thi ) / Thi 
S ubstitute Q-^i = 5 MW - Qw2 

(1 - 303.15/323.15X5 - Qw2 ) = Qw2 x (150 - 50) / 323.15 

20 ( 5 - Qw2 ) = Qw2 X 100 => Qw2 = 0.8333 MW 

Qwl = 5 - 0.8333 = 4.1667 MW 
W = ri Q^l = 0.06189 x 4.1667 = 0.258 MW 

Qh = Qw2 + W = 1.09 MW 

(Eor the heat pump P' = 423.15 / 100 = 4.23) 
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7.87 

Air in a rigid 1 box is at 300 K, 200 kPa. It is heated to 600 K by heat transfer 
from a reversible heat pump that reeeives energy from the ambient at 300 K 
besides the work input. Use eonstant speeifie heat at 300 K. Sinee the eoeffieient 
of performanee ehanges write dQ = m^^j. Cy dT and find dW. Integrate dW with 

temperature to find the required heat pump work. 

Solution: 


COP: 


p'=— 

P w 


Qh 


T 


H 


/-W 


Qh-Ql “Th-Tl 


mair = PlVi / RTi = 200 X 1 / 0.287 x 300 = 2.322 kg 


T 


H 


dQn = mairCydlH = P' dW ^ ^ dW 

H 


=> 


dW = m.:, Cy [ 


T 


H 


air --v L 


] dT 


H 


lW2 = j 


Tl f Tl 


niair Cy ( 1 - Y ) dT = m^ir Cy J ( 1 - ^ ) dT 


T2 

air Cy [T2-T1 -TLln.j.^ ] 


= m 


600 


2.322 X 0.717 [ 600 - 300 - 300 In ^ ] = 153.1 kJ 
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7.88 

Consider the roek bed thermal storage in Problem 7.61. Use the speeific heat so 
you can write dQjj in terms of dTrock and find the expression for dW out of the 

heat engine. Integrate this expression over temperature and find the total heat 
engine work output. 

Solution; 


The rock provides the heat 


dQjj dUj-Qgj, mC dTj.Q(,j, 


dW = rjdQjj = - ( 1 - To / T^ock) mC dTrock 


m = pV = 2750 x 2 = 5500 kg 


lW2 = j 


T2 

- ( 1 - To / Trock) mC dTrock = “ mC [T 2 - Ti - To In ^ ] 


= - 5500 X 0.89 [ 290 - 400 - 290 In 


290 

400 


] =81 945 kJ 
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7.89 

A heat pump heats a house in the winter and then reverses to cool it in the 
summer. The interior temperature should be 20°C in the winter and 25°C in the 
summer. Heat transfer through the walls and ceilings is estimated to be 2400 kJ 
per hour per degree temperature difference between the inside and outside. 

a. If the winter outside temperature is 0°C, what is the minimum power required 
to drive the heat pump? 

b. For the same power as in part (a), what is the maximum outside summer tem¬ 
perature for which the house can be maintained at 25 °C? 


Solution: 


a) Winter: 

House is Tjj and ambient 


is at T 


L 



Tjj = 20°C = 293.2 K , T, = 0°C = 273.2 K and Q„ = 2400(20 -0) kJ/h 


L 


• • 


p' = Qh/Win = 


2400(20 - 0) 


T 


H 


H 


293.2 


W 


Th - Tl 20 


IN 


= 3275 kJ/h = 0,91 kW (For Carnot cycle) 




Summer: 

Th = T'amb 


= 25°C = 298.2 K, = 3275 kJ/h and = 2400(1^^ - 298.2) kJ/h 




2400(Tjj - 298.2) 

3275 ^ Tjj - 


298.2 
Tjj - 298.2 



(Tjj - 298.2)2 = 


298.2 X 3275 
2400 


406.92 


Tjj = 318.4 K = 45.2°C 
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7.90 

A furnace, shown in Fig. P7.90, can deliver heat, Qh\ at Th\ and it is proposed to 
use this to drive a heat engine with a rejection at Fatm instead of direct room 
heating. The heat engine drives a heat pump that delivers Qhi at using the 
atmosphere as the cold reservoir. Find the ratio QmlQm as a function of the 
temperatures. Is this a better set-up than direct room heating from the furnace? 

Solution: 

C.V.: Heat Eng.: where p = 1 - 

C.V.: Heat Pump: Wj^p = Qh 2 /P' P'= ' ^atm) 

Work from heat engine goes into heat pump so we have 

Qh2 ^ P' ^HP ^ P' 'H Qhi 

• • 

and we may substitute T's for P', p. If furnace is used directly ^ Qhp 

so if P'p > 1 this proposed setup is better. Is it? For formula shows 

that it is good for Carnot cycles. In actual devices it depends wether P'p > 1 is 
obtained. 



Sonntag, Borgnakke and van Wylen 


7.91 

A 10-m^ tank of air at 500 kPa, 600 K acts as the high-temperature reservoir for a 
Carnot heat engine that rejeets heat at 300 K. A temperature differenee of 25 °C 
between the air tank and the Carnot cycle high temperature is needed to transfer 
the heat. The heat engine runs until the air temperature has dropped to 400 K and 
then stops. Assume eonstant speeific heat capacities for air and find how mueh 
work is given out by the heat engine. 


Solution: 



AIR 



300 K 


TH = Tair-25°C = 300 K 


PlV 500 x 10 


“^air RTi 0.287 x 600 


= 29.04 kg 


r 


dW = ridQjj = 


T 


1 - 


L 




V 


Tair - 25 


dQ 


/ 


H 


dQjj = -m,,vdu = -m,;,C,,dT,; 


air 


air V air 


W = /dW = 


T 


1 - 


L 


Ta-25 


dTa ‘^air^v 


Ta2-25 

T t-T ,-Tt InTf ^ 

a2 at L Tjjj-25 


=-29.04 X 0.717 X 


400 - 600 - 300 In 


375 

575 


= 1494.3 kJ 
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Concept Problems 


7.92 

A gasoline engine produees 20 hp using 35 Btu/s of heat transfer from burning 
fuel. What is its thermal effieieney and how mueh power is rejeeted to the 
ambient? 


Conversion Table A.l; 20 hp = 20 x 2544.4/3600 Btu/s = 14.14 Btu/s 


Efficiency: 


riTH - Wout/Qn - 


14.14 

35 


0.40 






Energy equation: Ql = Qh - = 35 - 14.14 = 20.9 Btu/s 
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7.93 

A refrigerator removes 1.5 Btu from the cold space using 1 Btu work input. How 
much energy goes into the kitchen and what is its coefficient of performance? 


C.V. Refrigerator. The energy Qjj goes into the kitchen air. 


Energy Eq.; 


COP; 


Qh = W + Ql = 1 + 1.5 = 2.5 btu 

Ql 

p=^= 1.5/ 1 = 1.5 


The back side of 
the refrigerator 
has a black grille 
that heats the 
kitchen air. Other 
models have that 
at the bottom 
with a fan to 
drive the air over 
it. 



1 


2 


I Air out, 4 


c 






















c 
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7.94 

A window air-conditioner unit is placed on a laboratory bench and tested in 
cooling mode using 0.75 Btu/s of electric power with a COP of 1.75. What is the 
cooling power capacity and what is the net effect on the laboratory? 

Definition of COP: P = Ql / W 

Cooling capacity: Ql = P W = 1.75 x 0.75 = 1.313 Btu/s 

• • 

Eor steady state operation the Ql comes from the laboratory and Qjj goes to the 

• • • 

laboratory giving a net to the lab of W = Qh - Ql = 0.75 Btu/s, that is heating it. 


7.95 

A car engine takes atmospheric air in at 70 E, no fuel, and exhausts the air at 0 E 
producing work in the process. What do the first and the second laws say about 
that? 

Energy Eq.; W = Q “ Ql ^ change in energy of air. OK 

law: Exchange energy with only one reservoir. NOT OK. 

This is a violation of the statement of Kelvin-Planck. 


Remark: You cannot create and maintain your own energy reservoir. 
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136 

A large stationary diesel engine produces 20 000 hp with a thermal efficiency of 
40%. The exhaust gas, which we assume is air, flows out at 1400 R and the intake 
is 520 R. How large a mass flow rate is that if that accounts for half the Ql? Can 

the exhaust flow energy be used? 


Power 


20 000 hp = 20 000 x 2544.4 / 3600 = 14 136 Btu/s 

14 136 


Heat engine: = Wout/PTH ^ q ^ = 35 339 Btu/s 


Energy equation: Ql = Qh ‘ = 35 339 - 14 136 = 21 203 Btu/s 


Exhaust flow: 


1 


“ J^airChMOO " ^520) 


1 


Ql 


1 


21 203 


™air 2 h 


1400 


-h520 2 343.02- 124.38 


= 48.49 Ibm/s 





Sonntag, Borgnakke and Wylen 


Heat Engines and Refrigerators 


7.97 


Calculate the thermal effieieney of the steam power plant eyele deseribed in 
Problem 6.167. 

Solution; 


From solution to problem 6.167, 168 


7 


Wnet = 33 000 - 400 = 32 600 hp = 8.3 xlO' Btu/h 


QH,tot “ Q 


econ 


+ Q 


gen 


= 4.75 xlO^ + 2.291 xlO^ = 2.766 xlO^ Btu/h; 


W 8.3 xlO 


7 


^ Qh 2.766 xl08 


= 0.30 
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7.98 


A farmer runs a heat pump with a 2 kW motor. It should keep a chicken hatchery 
at 90 F, which loses energy at a rate of 10 Btu/s to the colder ambient What 

is the minimum coefficient of performance that will be acceptable for the heat 
pump? 

Power input: W = 2 kW = 2 x 2544.4 / 3600 = 1.414 Btu/s 

• • 

Energy Eq. for hatchery: Qjj = Qloss ^10 Btu/s 


Definition of COP: 


p = COP = 


« 

Q 


H 


w 


10 

1.414 


7.07 
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7.99 

Calculate the amount of work input a refrigerator needs to make ice cubes out of a 
tray of 0.5 Ibm liquid water at 50 F. Assume the refrigerator has P = 3.5 and a 
motor-compressor of 750 W. Flow much time does it take if this is the only 
cooling load? 

Solution: 

C.V. Water in tray. We neglect tray mass. 

Energy Eq.: m(u 2 - Ui) = 1 Q 2 - 1 W 2 
Process : P = constant = P^ 

lW2 = !PdV = Pom(v2-vi) 

1 Q 2 = m(u 2 - Ui) + 1 W 2 = m(h 2 - hi) 

Tbl. P.7.1 : hi = 18.05 btu/lbm, Tbl. F.7.4 : h 2 = - 143.34 kJ/kg 

1 Q 2 = 0.5(-143.34 - 18.05 ) = - 80.695 Btu 

Consider now refrigerator 

P = Ql/w 

w = Ql/P = - 1 Q 2 / P = 80.695/3.5 = 23.06 Btu 

Por the motor to transfer that amount of energy the time is found as 

W = j W dt = W At 


At = W/W = (23.06 X 1055)/750 = 32.4 s 

Comment: We neglected a baseload of the refrigerator so not all the 750 W are available 

to make ice, also our coefficient of performance is very optimistic and finally the 
heat transfer is a transient process. All this means that it will take much more time 
to make ice-cubes. 
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7.100 

In a steam power plant 1000 Btu/s is added at 1200 F in the boiler, 580 Btu/s is 
taken out at 100 F in the condenser and the pump work is 20 Btu/s. Find the plant 
thermal efficiency. Assume the same pump work and heat transfer to the boiler as 
given, how much turbine power could be produced if the plant were running in a 
Carnot cycle? 


Solution; 



CV. Total plant; 
Energy Eq.; 


Qh + = Wt + Ql 


Wj = 1000 + 20 - 580 = 440 Btu/s 


Eth 


■ ^p,in 420 


Q 


H 


1000 


= 0.42 


^carnot “ Qh “ ^ “ Tp/Tp - 1 - 
Wy - Wp,in = EcarnotQH = ^63 Btu/s 


100 + 459.67 
1200 + 459.67 


0.663 
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Carnot Cycles and Absolute T 
7.101 

Calculate the thermal efficiency of a Carnot-cycle heat engine operating between 
reservoirs at 920 F and 110 F. Compare the result with that of Problem 7.97. 


Solution; 


Tjj = 920F, Tl=110F 


T 


^Carnot 


L 


= 1 -^= 1 - 


T 


H 


110 + 459.67 
920 + 459.67 


= 0,587 (about twice 7.97; 0.3) 
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7.102 

A car engine bums 10 Ibm of fuel (equivalent to addition of Qj^) at 2600 R and 
rejects energy to the radiator and the exhaust at an average temperature of 1300 
R. If the fuel provides 17 200 Btu/lbm what is the maximum amount of work the 
engine can provide? 

Solution; 


A heat engine Qh “ ^ Of^ei “ 10 x 17200 = 170 200 Btu 

Assume a Carnot efficiency (maximum theoretical work) 


T 


L 


h 1 1 


H 


1300 

2600 


= 0.5 


W = p Qjj = 0.5 X 170 200 = 85 100 Btu 



Air intake filter Fan Radiator 


Shaft 





Exhaust flow 



<-p Atm 
C'. air 


Coolant flow 






















Sonntag, Borgnakke and Wylen 


7.103 

An air-conditioner provides 1 Ibm/s of air at 60 F cooled from outside 
atmospheric air at 95 F. Estimate the amount of power needed to operate the air- 
conditioner. Clearly state all assumptions made. 


Solution: 


Consider the cooling of air which needs a heat transfer as 

Qair = m Ah = rh Cp AT = 1 x 0.24 x (95 - 60) = 8.4 Btu/s 


Assume Carnot cycle refrigerator 


O T 

P ~ ~ Ql ! (Qh ■ Ql ) - _ j 


H - 


60 + 459.67 
95-60 


= 14.8 


W = Ql/P = 


8.4 

14.8 


= 0,57 Btu/s 


This estimate is the theoretical maximum 
performance. To do the required heat 
transfer Tl = 40 F and Tjj = 110 F are 

more likely; secondly 

P < Pcarnot 
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7.104 

We propose to heat a house in the winter with a heat pump. The house is to be 
maintained at 68 F at all times. When the ambient temperature outside drops to 15 
F, the rate at which heat is lost from the house is estimated to be 80000 Btu/h. 
What is the minimum electrical power required to drive the heat pump? 


Solution: 


Minimum power if we 
assume a Carnot cycle 

Qh = Qleak = 80 000 

Btu/h 



H WT- _ 


T 


H 


Win Th - Tl 


527.7 

53 


= 9.957 


Win = 80 000 / 9.957 = 8035 Btu/h = 2,355 kW 
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7.105 

An inventor has developed a refrigeration unit that maintains the cold space at 14 
F, while operating in a 77 F room. A coefficient of performance of 8.5 is claimed. 
How do you evaluate this? 


Solution; 

Assume Carnot cycle then 


Pcamot 


Ql 14 + 459.67 


W- T -T 77 - 14 


= 7.5 


^ Pcamot 


impossible claim 












Sonntag, Borgnakke and Wylen 


7.106 

Liquid sodium leaves a nuelear reactor at 1500 F and is used as the energy source 
in a steam power plant. The condenser cooling water comes from a cooling tower 
at 60 F. Determine the maximum thermal efficiency of the power plant. Is it 
misleading to use the temperatures given to calculate this value? 


Solution; 


1500 F 


60 F 


REACTOR o 



ENERGY 
TO H 2 O 


LIQ Na 


ENERGY 

FROM 

STEAM 
POWER 
PLANT 



COND. 



LIQ H 2 O 


Tj^= 1500 F= 1960 R, T, = 60 F = 520 R 


^TH MAX 


L 


■ A I960 - 520 


T 


H 


19860 


= 0.735 


COOLING 

TOWER 


It might be misleading to use 1500 F as the value for Tj_j, since there is not 

a supply of energy available at a constant temperature of 1500 F (liquid Na is 
cooled to a lower temperature in the heat exchanger). 

The Na cannot be used to boil H 2 O at 1500 F. 


Similarly, the H 2 O leaves the cooling tower and enters the condenser at 
60 F, and leaves the condenser at some higher temperature. 

^ The water does not provide for condensing steam at a constant temperature of 

60 F. 
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7.107 

A house is heated by an eleetrie heat pump using the outside as the low- 
temperature reservoir. For several different winter outdoor temperatures, estimate 
the pereent savings in electrieity if the house is kept at 68 F instead of 75 F. 
Assume that the house is losing energy to the outside directly proportional to the 
temperature difference as Qloss ^ K{Th- Ti). 


Solution; 

Heat Pump Qlqss 

Max Qh_ Th _ K(Th-Tl) _ K(Th - 

Perf. W, Th-Tl W. • 



= 75 F = 534.7 R 



= 68 F = 527.7 R 


• » 


T F 

Win^/k 

Winb/k 

% saving 

-10 

13.512 

11.529 

14.7 % 

10 

7.902 

6.375 

19.3 % 

30 

3.787 

2.736 

27.8 % 

50 

1.169 

0.614 

47.5 % 
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7.108 

Refrigerant-22 at 180 F, x = 0.1 flowing at 4 Ibm/s is brought to saturated vapor in 
a eonstant-pressure heat exehanger. The energy is supplied by a heat pump with a 
low temperature of 50 F. Find the required power input to the heat pump. 


Solution; 

C.V. Fleat exehanger 




Assume a Carnot heat pump, = 640 R, 


Tl = 510R 





Table F.9.1; 



h^ = h^+ Xjh^g = 68.5 + 0.1 x 41.57 = 72.66 Btu/lbm, 
h^ = h = 110.07 Btu/lbm 

2 g 


Energy equation for line 1 -2: 


Qh = ^ 4 (110.07 - 72.66) = 149.64 Btu/s 



149.64 

4.923 


= 30,4 Btu/s 
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7.109 

A heat engine has a solar eollector receiving 600 Btu/h per square foot inside 
which a transfer media is heated to 800 R. The collected energy powers a heat 
engine which rejects heat at 100 F. If the heat engine should deliver 8500 Btu/h 
what is the minimum size (area) solar collector? 


Solution; 


Th = 800 R 


Tl= 100+ 459.67 = 560 R 


T 


L 


"nHE “ 1 “ T “ 1 ■ 


H 


560 

800 


= 0.30 


A A W 8500 

W - p Qh -> Qh - ^ - 0.30 


= 28 333 Btu/h 


Qh =600 a => A = 




9 ^ 

600 


= 47 ft2 







Sonntag, Borgnakke and Wylen 


7.110 


Six-hundred pound-mass per hour of water runs through a heat exchanger, 
entering as saturated liquid at 250 F and leaving as saturated vapor. The heat is 
supplied by a Carnot heat pump operating from a low-temperature reservoir at 60 
F. Find the rate of work into the heat pump. 


Solution; 


C.V. Heat exchanger 


m^ = m 


2 


• • • 

m^h^ + Qj_j = mjh2 


Table F.7.1; h^ = 218.58 Btu/lbm 

h 2 = 1164.19Btu/lbm 


600 




T 


A AAAA 



V VVV 


2 


L 


Qh = (1164.19 - 218.58) = 157.6 Btu/s 

Assume a Carnot heat pump, Tj^ = 250 F = 710 R. 


T 


P = Qh/w = x 


H 


710 


H-Tl 190 


= 3.737 


Qh 


\ 




w 


w = Qjj/p = 157.6/3.737 = 42.2 Btu/s 
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Finite AT Heat Transfer 


7.111 

A car engine operates with a thermal efficiency of 35%. Assume the air- 
conditioner has a coefficient of performance that is one third of the theoretical 
maximum and it is mechanically pulled by the engine. How much fuel energy 
should you spend extra to remove 1 Btu at 60 F when the ambient is at 95 F? 

Solution; 

Air conditioner 


Ql _ Tl ^ 60 + 459.67 
P “ W “ Th - Tl “ 95-60 


14.8 


Pactual = P / 3 = 4.93 
w = Ql / p = 1 / 4.93 = 0.203 Btu 

Work from engine 

W = Peng Qfuel = 0-203 Btu 

, 0.203 

Qfliel ~ ^ ^ ^eng ~ 0 35 ~ 0.58 Btu 
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7.112 

A heat pump cools a house at 70 F with a maximum of 4000 Btu/h power input. 
The house gains 2000 Btu/h per degree temperature difference to the ambient and 
the heat pump coefficient of performance is 60% of the theoretical maximum. 
Find the maximum outside temperature for which the heat pump provides 
sufficient cooling. 

Solution; 



Here; 


Tl = t 


house 


Th = t 


amb 


In this setup the low temperature space is the house and the high 
temperature space is the ambient. The heat pump must remove the gain or 
leak heat transfer to keep it at a constant temperature. 

Qleak = 2000 (T^mb " Thouse) = Ql 

which must be removed by the heat pump. 

P “ Qh / W — 1 + / W — 0.6 P camot “ ! (Tamb " "^house ) 

Substitute in for Qj^ and multiply with - TjjQ^gg); 

- Thouse ) + 2000 (Tamb ' Thouse f / W = 0.6 T^mb 
Since Tjj^ygg = 529.7 R and W = 4000 Btu/h it follows 



T^^b - 1058.6 Tamb +279522.7 = 0 
Solving => T^mb = 554.5 R = 94.8 F 
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7.113 

A house is cooled by an electric heat pump using the outside as the high- 
temperature reservoir. For several different summer outdoor temperatures 
estimate the percent savings in electricity if the house is kept at 77 F instead of 68 
F. Assume that the house is gaining energy from the outside directly proportional 
to the temperature difference. 


Solution; 


Air-conditioner (Refrigerator) (Th - Tl) 

Max Ql _ Tl _ K(Th - Tl) . _ K(Th - Tl)^ 

Perf Wj^ Th-Tl W.^ ’ ^in Tl 

A; Tl^ = 68 F = 527.7 R B; Tl^ = 77 F = 536.7 R 

Th’ F Win^/K WiNg/K % saving 

115 4.186 2.691 35.7 % 

105 2.594 1.461 43.7 % 

95 1.381 0.604 56.3 % 
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7.114 

A thermal storage is made with a rock (granite) bed of 70 ft^ which is heated to 
720 R using solar energy. A heat engine receives a from the bed and rejects 
heat to the ambient at 520 R. The rock bed therefore cools down and as it reaches 
520 R the process stops. Find the energy the rock bed can give out. What is the 
heat engine efficiency at the beginning of the process and what is it at the end of 
the process? 

Solution: 

Assume the whole setup is reversible and that the heat engine operates in a 
Carnot cycle. The total change in the energy of the rock bed is 

U 2 - ui = q = C AT = 0.21 (720 - 520) = 42 Btu/lbm 

m = pV = 172 X 70 = 12040 Ibm; Q = mq = 505 680 Btu 

To get the efficiency assume a Carnot cycle device 

ri = l-To/TH=l - 520/720 = 0,28 at the beginning of process 
ri = l-To/TH=l - 520/520 = 0 at the end of process 


A 
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Review Problems 
7.115 

We wish to produce refrigeration at -20 F. A reservoir is available at 400 F and 
the ambient temperature is 80 F, as shown in Fig. P7.84. Thus, work can be done 
by a cyclic heat engine operating between the 400 F reservoir and the ambient. 
This work is used to drive the refrigerator. Determine the ratio of the heat 
transferred from the 400 F reservoir to the heat transferred from the -20 F 
reservoir, assuming all processes are reversible. 


Solution; Equate the work from the heat engine to the refrigerator. 



W = Qhi 




W = Ql2 






100 860 
440 ^ 320 


0.611 
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7.116 

Air in a rigid 40 box is at 540 R, 30 Ibf/in.^. It is heated to 1100 R by heat 
transfer from a reversible heat pump that receives energy from the ambient at 540 
R besides the work input. Use constant specific heat at 540 R. Since the 
coefficient of performance changes write dQ = m^^j^ dT and find dW. Integrate 
dW with temperature to find the required heat pump work. 


Solution; 


T 


H 


cop. - 

P w Qh-Ql-Th-Tl 

mair = PlVi / RTi = (30 X 40 X 144) / (540 x 53.34) = 6.0 Ibm 


T 


H 


dQj^ = m,ir dlH = P' dW - ^ dW 

H 


=> 


dW = m,i, C, [ 


T 


H 


air -V L 


] dT 


H 



Tl, f Tl 


1W2 = J ( 1 - Y ) dT = m,ir C J ( 1 - ^ ) dT 


T 


= m 


air Cy [T2-T1 -TlIh ] 


1100 


6.0 X 0.171 [1100 - 540 - 540 In (^Y^^ " 
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7.117E 

A 350-ft^ ta nk of air at 80 Ibf/in.^, 1080 R acts as the high-temperature reservoir 
for a Carnot heat engine that rejects heat at 540 R. A temperature differenee of 45 
F between the air tank and the Carnot cycle high temperature is needed to transfer 
the heat. The heat engine runs until the air temperature has dropped to 700 R and 
then stops. Assume constant specific heat eapaeities for air and find how much 
work is given out by the heat engine. 

Solution; 



TH = Tair-45, Tl = 540R 


^air 


PlV 80 x 350 x 144 


53.34 X 1080 


= 69.991 


1 


Ibm 


dW = rjdQH = 




T 


1 - 


L 




V 


T • - 45 

^air 


dQn 


dQn - -niairdu - -mairCydlair 


W = /dW = -maifC 


r 


V 


T 


1 - 


L 


Ta-45 


dTa -iHairCv 


Ta2-45 

Ta2-TarTL T^j-45 


= -69.991 X 0.171X 


700 - 1080 - 540 In 


655 

1035 


=1591 Btu 
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Ideal Gas Garnot Cycle 
7.118 

Air in a piston/cylinder goes through a Carnot cycle with the P-v diagram shown 
in Fig. 7.24. The high and low temperatures are 1200 R and 600 R respectively. 
The heat added at the high temperature is 100 Btu/lbm and the lowest pressure in 
the cycle is 10 Ibf/in.^. Find the specific volume and pressure at all 4 states in the 
cycle assuming constant specific heats at 80 F. 

Solution: 

qjj = 100 Btu/lbm Th ^ 1200 R 
Tl = 600R P 3 = lOlbf/in.2 

Cy = 0.171 Btu/lbm R ; R = 53.34 ft-lbf/lbm-R 
The states as shown in figure 7.21 

1:1200R, 2: 1200 R, 3:10psi, 600R 4: 600 R 

V 3 = RT 3 / P 3 = 53.34 X 600 /(lO x 144) = 22.225 ft3/lbm 
2^3 Eq.7.11 & Cy = constant 

= > Cy In (Tl / Th) + R In (V 3 /V 2 ) = 0 

= > In (V 3 /V 2 ) = - (Cy / R) In (Tl / Th) 

= - (0.171/53.34) In (600/1200) = 1.7288 
= > V 2 = V 3 / exp (1.7288) = 22.225/5.6339 = 3.9449 ft3/lbm 
1 ^ 2 qH = RTH In (V 2 /V 1 ) 

In (V 2 / vi) = qn /RTh = 100 X 778/(53.34 x 1200) = 1.21547 
v^ = V 2 / exp (1.21547) = 1.1699 ft3/lbm 
V 4 = vi X V 3 / V 2 = 1.1699 X 22.225/3.9449 = 6.591 ft3/lbm 
Pi =RTi/vi =53.34 X 1200/(1.1699x144) = 379.9 psia 
P 2 = RT 2 / V 2 = 53.34 X 1200/(3.9449 x 144) = 112.7 psia 
P 4 = RT 4 / V 4 = 53.34 X 600/(6.591 x 144) = 33.7 psia 
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Concept-Study Guide Problems 


8.1 

Does Clausius say anything about the sign for | dQ ? 

No. 

The total (net) heat transfer ean be eoming in like in a heat engine (W^ut = Qh 

- Ql) in which case it is positive. It can also be net going out like in a 

refrigerator or heat pump = Qh - Ql) iii which case the sign is negative. 

Finally if you look at a transmission gearbox there could be no heat transfer 
(first approximation) in which case the integral is zero. 


8.2 

When a substance has completed a cycle v, u, h and s are unchanged. Did 
anything happen? Explain. 

Yes. 

During various parts of the cycle work and heat transfer may be transferred. 
That happens at different P and T. The net work out equals the net heat 
transfer in (energy conservation) so dependent upon the sign it is a heat 
engine or a heat pump (refrigerator). The net effect is thus a conversion of 
energy from one storage location to another and it may also change nature 
(some Q got changed to W or the opposite) 


8.3 

Assume a heat engine with a given Qjj. Can you say anything about Ql if the 
engine is reversible? If it is irreversible? 

For a reversible heat engine it must be that: 



or integrals if T not constant 


So as Tl is lower than Tjj then Ql must be correspondingly lower than Qjj to 
obtain the net zero integral. 

For an irreversible heat engine we have 

<0 

This means that Ql is larger than before (given Qjj and the T’s). The 
irreversible heat engine rejects more energy and thus gives less out as work. 
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8.4 

How can you change s of a substance going through a reversible proeess? 
From the definition of entropy 

for a reversible process. Thus only heat transfer gives a change in s, 
expansion/compression involving work does not give sueh a eontribution. 



8.5 

Does the statement of Clausius require a constant T for the heat transfer as in a 
Carnot cycle? 

No. 

The statement for a cyele involves an integral of dQ/T so T can vary, which it 
does during most processes in aetual deviees. This just means that you cannot 
that easily get a closed expression for the integral. 



A reversible proeess adds heat to a substance. If T is varying does that infiuenee 
the ehange in s? 

Yes. 


Reversible: 



So if T goes up it means that s ehanges less per unit of dq, and the opposite if 
T decreases then s changes more per unit of dq. 


8.7 

Water at 100 kPa, 150°C receives 75 kJ/kg in a reversible proeess by heat 
transfer. Whieh proeess ehanges s the most: constant T, constant v or constant P? 

ds = 

Look at the constant property lines in a T-s diagram, Fig. 8.5. The constant v 
line has a higher slope than the constant P line also at positive slope. Thus 
both the eonstant P and v proeesses have an inerease in T. As T goes up the 
ehange in s is smaller. 

The constant T (isothermal) proeess therefore changes s the most. 
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8.8 

A substance has heat transfer out. Can you say anything about ehanges in s if the 
proeess is reversible? If it is irreversible? 


Reversible: 



since dq < 0 


Irreversible: 



dq < 0 but dsgen > 0 


You eannot say, ds depends on the magnitude of dq/T versus dSggjj 
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8.9 


A substance is compressed adiabatiely so P and T go up. Does that change s? 

dq 

If the process is reversible then s is constant, ds = j = 0 


dq 

If the proeess is irreversible then s goes up, ds = j + dsgg^ = dsgg^ > 0 


8.10 

Saturated water vapor at 200 kPa is compressed to 600 kPa in a reversible 
adiabatic process. Find the new v and T. 


Process adiabatie: dq = 0 
Process reversible: dsgg^ = 0 

Change in s: ds = dq/T + dSgg^ = 0 + 0 = 0 thus s is eonstant 


Table B.1.3: = 120.23®C, vi = 0.88573 m^/kg, si = 7.1271 kJ/kg K 

Table B.1.3 at 600 kPa and s = s^ = 7.1271 kJ/kg-K 

T = 200 + 50 7 I 5 9555 = 200 + 50 x 0.74663 = 237.3®C 
V = 0.35202 + (0.39383 - 0.35202) x 0.74663 = 0.38324 m^/kg 
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8.11 

A computer chip dissipates 2 kJ of electric work over time and rejects that as heat 

transfer from its 50®C surface to 25 air. How much entropy is generated in the 
chip? How much if any is generated outside the chip? 


C.V.l Chip with surface at 50®C, we assume chip state is constant. 
Energy. U 2 — — 0 — ;[Q 2 — 1 W 2 — jjj - Qout 1 


Entropy: 




2 genl 




^electrical in 



2kJ 

323.15 K 


= 6.19 J/K 


C.V.2 From chip surface at 50®C to air at 25°C, assume constant state. 


Energy: 

Entropy: 


U2 - Ui - 0 - 1Q2 - 1W2 - Qout 1 - Qout 2 


So-Si = 0 = 


Qoutl Qout2 


T 


surf 


T 


+ 


air 


1 ^2 gen2 


1 ^2 gen2 


Qout2 Qout 1 


2kJ 


2kJ 


T 


air 


T^urf 298.15 K" 323.15 K 


= 0.519 J/K 
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8.12 

A car uses an average power of 25 hp for a one hour round trip. With a thermal 
effieiency of 35% how mueh fuel energy was used? What happened to all the 

energy? What ehange in entropy took place if we assume ambient at 20”C? 

Since it is a round trip, there are no changes in storage of energy for the 
ear after it has cooled down again. All the energy is given out to the ambient in 
the form of exhaust flow (hot air) and heat transfer from the radiator and 
underhood air flow. 


E = J W dt = 25 hp X 0.7457 (kW/hp) x 3600 s = 67 113 kJ = p Q 

Q = E / p = 67 113 / 0.35 = 191 751 kJ 
AS = Q / T = 191 751 / 293.15 = 654.1 kJ/K 

All the energy ends up in the ambient at the ambient temperature. 


8.13 


A liquid is eompressed in a reversible adiabatic process. What is the ehange in T? 

dq 

If the process is reversible then s is constant, ds = j = 0 
Change in s for a liquid (an incompressible substanee) is 


Eq. 8.19 


C 

ds = Y dX 


Erom this it follows that if ds = 0 then T is constant. 
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8.14 

Two 5 kg blocks of steel, one at 250”C the other at 25®C, come in thermal 
contact. Find the final temperature and the total entropy generation in the 
process? 

C.V. Both blocks, no external heat transfer, C from Table A.3. 

Energy Eq.; U 2 - Ui = mA(u 2 - ui)a + mB(u 2 - ui)b = 0-0 

= mAC(T2-TAl) +mBC(T2-TBi) 


^ mATAi + niBTBi _ 

Tt — I ~ ^ Tai "I" /-) Tbi — 137.5 C 

^ m^ + mB 2 2 


Entropy Eq.; S2 - Si = mA(s2 - Si)a + mB(s2 - Si)b = 1S2 gen 

T2 T2 

“ + mBC In 

i 1 1 ID 1 


1 ^2 gen In j 


137.5 + 273.15 137.5 +273.15 

= 5 X 0.46 In ^ + 5 X 0.46 In — 


250 + 273.15 


298.15 


= -0.5569 + 0.7363 = 0.1794 kJ/K 



Heat transfer over a finite 
temperature difference is an 
irreversible process 
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8.15 

One kg of air at 300 K is mixed with one kg air at 400 K in a proeess at a constant 
100 kPa and Q = 0. Find the final T and the entropy generation in the process. 


C.V. All the air. 

Energy Eq.; U 2 -EIi= 0-W 
Entropy Eq.; 82-81 = 0 + 182 gen 
Process Eq.: P = C; W = P(V 2 -Vi) 

Substitute W into energy Eq. 




U2 - Ui + W = U2 - Ui + P(V 2 - Vi) = H2 - Hi = 0 


Due to the low T let us use constant specific heat 


H 2 - Hi = mA(h2 - hi)A + mB(h2 - hi)B 

= mACp(T2 - Tai) + mBCp(T2 - Tbi) = 0 


^ mAlAi + mBlBi 

Tt — I ~ n. Tai + /-) Tbi 

^ + mB 2 2 

Entropy change is from Eq. 8.25 with no change in P 

T 2 T 2 

1^2 gen ~ ^2 — 81 — m^Cp In + mBCp In 


= 350K 


= 1 X 1.004 In 


350 

300 


+ 1 X 1.004 In 


350 

400 


= 0.15477 - 0.13407 = 0.0207 kJ/K 


Remark: If you check, the volume does not change and there is no work. 
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8.16 

One kg of air at 100 kPa is mixed with one kg air at 200 kPa, both at 300 K, in a 
rigid insulated tank. Find the final state (P, T) and the entropy generation in the 
process. 


C.V. All the air. 

Energy Eq.; U 2 -EIi= 0-0 

Entropy Eq.: 82-81 = 0 + 182 gen 
Process Eqs.: V = C; W = 0, Q = 0 
States A1,B1: UAi=ugi 

Va = i^aRTi/Pai; VB = mgRTi/Pgi 

U 2 - Ui = m 2 U 2 - m^UAi - rngUBi =0 ^ U 2 = (u^i + ugi)/! = u^i 

State 2: T 2 = Tj = 300 K (from U 2 ); m 2 = m^ + mg = 2 kg; 

V 2 = m 2 RTi/P 2 = Va + Vg = m^RTi/P^i + mgRTi/Pgi 
Divide with m^RT 1 and get 

2 /P 2 = 1/Pai + I/Pri ^ ^ P 2 = 133,3 kPa 









_ 


Entropy change from Eq. 8.25 with the same T, so only P changes 

^ P2 „ P2 

1 S 2 gen = 82 - Si = -m^R In mgR In p 


B1 


, ^ 133.3 , 133.3 , 

1 X 0.287 [ In j^QQ + In 2 qq ] 


= -0.287 (0.2874 - 0.4057) = 0.034 kJ/K 
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8.17 

An ideal gas goes through a constant T reversible heat addition process. How do 
the properties (v, u, h, s, P) change (up, down or constant)? 

Ideal gas: u(T), h(T) so they are both constant 


Eq. 8.11 gives: 

ds = dq/T + dSggjj = 

dq/T + 0 > 0 so s goes up by q/T 

Eq. 8.21 gives: 

ds = (R/v) dv 

so V increases 

Eq. 8.23 gives: 

ds = -(R/P) dP 

so P decreases 


iP AT 
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8.18 

Carbon dioxide is compressed to a smaller volume in a polytropic process with n 
= 1.2. How do the properties (u, h, s, P, T) change (up, down or constant)? 

For carbon dioxide Table A.5 k = 1.4 so we have n < k and the 
process curve can be recognized in Figure 8.18. From this we see a smaller 
volume means moving to the left in the P-v diagram and thus also up. 

P up, T up and s down. As T is up so is h and u. 
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8.19 

Hot combustion air at 1500 K expands in a polytropic process to a volume 6 times 
as large with n = 1.5. Find the specific boundary work and the specific heat 
transfer. 

Energy Eq.: U 2 - ui = iq 2 - 1 W 2 

1 R 

Reversible work Eq. 8.38: 1 W 2 = ^ Y^(T 2 “Ti) 

n n-l fHO.5 

Process Eq: Pv = C; T 2 = Ti(vi/v 2 ) = 1500[^gJ = 612.4 K 

Properties from Table A.7.1: u^ = 444.6 kJ/kg, U 2 = 1205.25 kJ/kg 

0 287 

1 W 2 = yTY^ (612.4 - 1500) = 509.5 kJ/kg 

iq2 = U2 -ui + 1 W 2 = 1205.25 - 444.6 + 509.5 = 1270 kJ/kg 
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8.20 

A window receives 200 W of heat transfer at the inside surface of 20”C and 

transmits the 200 W from its outside surface at 2°C continuing to ambient air at - 

5”C. Find the flux of entropy at all three surfaces and the window’s rate of 
entropy generation. 


Flux of entropy: 



200 W 

^inside ~ 293.15 K ~ 0-682 W/K 

. 200 W 

^win ~ 275.15 K ~ 0.727 W/K 


8amb 


200 W 


268.15 K 


= 0.746 W/K 


Window 


Inside 


N 


2ot: 


Outside 



2t: 



Window only: Sgg^ win ^ “ Sj^side ^ 0.727 - 0.682 = 0,045 W/K 

If you want to include the generation in the outside air boundary layer 
where T changes from 2°C to the ambient -5°C then it is 

Sgen tot = Samb “ S^nside = 0.746 - 0.682 = 0.064 W/K 
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Inequality of Clausius 


8.21 

Consider the steam power plant in Example 6.9 and assume an average T in the 
line between 1 and 2. Show that this eycle satisfies the inequality of Clausius. 

Solution; 


Show Clausius: 



For this problem we have three heat transfer terms: 

qi3 = 2831 kJ/kg, qj^^g = 21 kJ/kg, q^ = 2173.3 kJ/kg 


dq 9b 9ioss 9c 
T T,, i_2 Tg 

2831 21 2173.3 

“ 573 “568“ 318 

= -1.93kJ/kgK< 0 OK 



Sonntag, Borgnakke and van Wylen 


8.22 


Assume the heat engine in Problem 7.25 has a high temperature of 1200 K and a 
low temperature of 400 K. What does the inequality of Clausius say about each of 
the four cases? 

Solution; 

r 


Cases a) 





%/ 


r 




dO 

6 

4 

T 

1200 

“400 

dQ 

6 

0 

T 

1200 

“400 

dQ 

6 

2 

T 

1200 

“400 

dO 

6 

6 

T 

1200 

“400 


= - 0.005 kW/K <0 OK 


= 0.005 kW/K > 0 Impossible 


= 0 kW/K Possible if reversible 


= -0.001 kW/K<0 OK 


\Th= 1200 Ky 
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8.23 

Let the steam power plant in Problem 126 have 700®C in the boiler and 40®C 
during the heat rejeetion in the eondenser. Does that satisfy the inequality of 
Clausius? Repeat the question for the eyele operated in reverse as a refrigerator. 

Solution; 


Qh = 1 MW Ql = 0.58 MW 


r 


T “ 973 “313 


= -0.82 kW/K < 0 


Refrigerator 


OK 


dg^^ 1^ 

T “313“ 973 


= 0.82>0 


Cannot be possible 




























Sonntag, Borgnakke and van Wylen 


8.24 

A heat engine reeeives 6 kW from a 250®C souree and rejeets heat at 30°C. 
Examine eaeh of three eases with respeet to the inequality of Clausius. 

a. W = 6 kW b. W = 0 kW e. Carnot cyele 

Solution; 


Th = 250 + 273 = 523 K ; 


Tl = 30 + 273 = 303 K 


Case 



6000 

523 



11.47 kW/K > 0 


Impossible 



6000 6000 
523 “ 303 


-8.33kW/K<0 





X 6 = 3.476kW 


OK 


w = Qh - Ql = 2.529 kW 
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8.25 

Examine the heat engine given in Problem 7.50 to see if it satisfies the inequality 
of Clausius. 

Solution; 


r 





Qh = 

325 kJ 

at 

Th= lOOOK 

Ql = 

125 kJ 

at 

Tl= 400 K 

325 

1000 

125 

“400“ 

0.0125 kJ/K>0 


Impossible 



kJ 

200 kJ 
kJ 
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Entropy of a pure substance 


8.26 

Find the entropy for the following water states and indieate eaeh state on a T-s 
diagram relative to the two-phase region. 

a. 250°C, V = 0.02 m^/kg 

b. 250‘'C, 2000 kPa 
e. -2«C, lOOkPa 

d. 20^"^ lOOkPa 

e. 20°C, lOOOOkPa 

Solution; 


a) Table B. 1.1: 


0.02 -0.001251 
0.04887 


0.38365 


s = Sf + X Sfg = 2.7927 + 0.38365 x 3.2802 = 4,05 kJ/kg K 

b) Table B. 1.3: s = 6.5452 kJ/kg K 
e) Table B.1.5: s =-1.2369 kJ/kg K 

d) Table B. 1.1 ; s = 0.2966 kJ/kg K 

e) Table B. 1 .4 s = 0.2945 kJ/kg K 
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8.27 

Find the missing properties and give the phase of the substance 

a. H 2 O 5 = 7.70 kJ/kg K, P = 25 kPa h = lT=lx = l 

b. H 2 O M = 3400kJ/kg,P= lOMPa T=lx = ls = l 

c. R-12 r=0°C,P = 200kPa s = lx = l 

d. R-134ar=-10°C,x = 0.45 v = ls = l 

e. NH 3 r= 20 °C ,5 = 5.50kJ/kgK m = ?x = ? 

Solution: 


a) Table B. 1.1 T = T^^tCP) = 64.97°C 


, 7.70 - 0.893 

X - (s - Sf)/Sfg - 5_93g3 


0.981 


h= 271.9 + 0.981 X 2346.3 = 2573.8 kJ/kg 

b) Table B.1.2 u>Ug => Sup.vap Table B. 1.3, x = undefined 

T = 682°C, s^ 7.1223 kJ/kgK 

c) Table B.3.2, superheated vapor, x = undefined, s = 0.7325 kJ/kg K 

d) Table B.5.1 v = Vf + xvfg = 0.000755 + 0.45 x 0.098454 = 0.04506 m^/kg 

s = Sf + xsfg = 0.9507 + 0.45 x 0.7812 = 1.3022 kJ/kg K 

e) Table B.2.1, s > Sg => Sup.vap. TableB.2.2, x = undefined 

u = h-Pv = 1492.8 - 439.18 x 0.3100 = 1356.7 kJ/kg 
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8.28 


Saturated liquid water at 20°C is eompressed to a higher pressure with eonstant 
temperature. Find the ehanges in u and s when the final pressure is 

a. 500 kPa b. 2000 kPa e. 20 000 kPa 


Solution; 

kJ/kg 

B.1.1; ui = 83.94 

kJ/kg K 
Si = 0.2966 




B.1.4: Ua = 83.91 

Sa = 0.2965 

Au = -0.03 

As = 

-0.0001 

B.1.4: u^, = 83.82 

si, = 0.2962 

• 

o 

II 

As = 

-0.0004 

B.1.4: Uc = 82.75 

Sc = 0.2922 

II 

As = 

-0.0044 

Nearly constant u and s, incompressible media 
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8.29 

Saturated vapor water at 150®C is expanded to a lower pressure with eonstant 
temperature. Find the ehanges in u and s when the final pressure is 

a. 100 kPa b. 50 kPa e. lOkPa 

Solution: 

Table B.1.1 for the first state then B.1.3 for the a, b and e states. 

kJ/kg kJ/kg K 

ui= 2559.54 si= 6.8378 

Ua = 2582.75 Sa = 7.6133 Au = 23.21 As = 0.7755 

Ub = 2585.61 Sb = 7.94 Au = 26.07 As =1.1022 

Uc = 2587.86 Sc = 8.6881 Au = 28.32 As = 1.8503 
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8.30 

Determine the missing property among P, T, s, x for the following states: 

a. Ammonia 25®C, V = 0.10 m^/kg 

b. Ammonia 1000 kPa, s = 5.2 kJ/kg K 

e. R-134a 5®C, s = 1.7 kJ/kg K 
d. R-134a 50°C, s= 1.9kJ/kgK 


e. R-22 

100 kPa, V = 

0.3 m /kg 



Solution: 

Table 

P kPa 

H 

o 

O 

s kJ/kgK 

X 

a) 

B2.1 

1003 

25 

4.1601 

0.7776 

b) 

B2.2 

1000 

42.53 

5.2 


c) 

B5.1 

350.9 

5 

1.7 

0.96598 

d) 

B5.2 

232.3 

50 

1.9 


e) 

B4.2 

100 

42.6 

1.1975 


a) 

x = (0.1 

- 0.001658)70.12647 = 0.7776 



s = Sf + X Sfg = 1.121 + X X 3.9083 = 

4.1601 kJ/kg K 



b) T = 40 + 10 X (5.2 - 5.1778)/(5.2654 - 5.1778) = 42.53'’C 

superheated vapor so x is undefined 
e) X = (1.7 - 1.0243)70.6995 = 0.96598 

P = Pgat = 350.9 kPa 

d) superheated vapor between 200 and 300 kPa 

P = 200+ 100 X (1.9- 1.9117)7(1.8755- 1.9117) = 232.3 kPa 

e) T = 40 + 10 X (0.3 - 0.29739)7(0.30729 - 0.29739) = 42.636"C 

s = 1.1919 + 0.2636 x (1.2132 - 1.1919) =1.1975 kJ/kg K 
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Reversible processes 


8.31 

Consider a Carnot-cycle heat engine with water as the working fluid. The heat 

transfer to the water occurs at 300°C, during which process the water changes 
from saturated liquid to saturated vapor. The heat is rejected from the water at 
40°C. Show the cycle on a T-s diagram and find the quality of the water at the 
beginning and end of the heat rejection process. Determine the net work output 
per kilogram of water and the cycle thermal efficiency. 


Solution; 

From the definition of the Carnot cycle, two constant s and two constant T 
processes. 



From table B.1.1 
State 2 is saturated vapor so 
S 3 = S 2 = 5.7044 kJ/kg K 

= 0.5724 + X3(7.6845) 


X 3 = 0,6678 


S 4 = Si = 3.2533 kJ/kg K = 0.5724 + X4(7.6845) 


X 4 = 0,3489 


w 


NET 


Th-T 


L 


fiXH 


Oh 


T 


H 


260 

573.2 


= 0.4536 


Oh = Th(s 2 - si) = 573.2 K (5.7044 - 3.2533) kJ/kg K = 1405.0 kJ/kg 


Wnet “ fiTH ^ Oh “ 637,3 kJ/kg 
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8.32 

In a Carnot engine with ammonia as the working fluid, the high temperature is 
60°C and as Qh is reeeived, the ammonia ehanges from saturated liquid to 

saturated vapor. The ammonia pressure at the low temperature is 190 kPa. Find 
Tl, the eyele thermal effieieney, the heat added per kilogram, and the entropy, 5 , 

at the beginning of the heat rejeetion proeess. 

Constant T ^ constant P from 1 to 2, Table B.2.1 

qH = ! Tds = T(s2-Si) = T Sfg 

= h2 - hi = hfg = 997.0 kJ/kg 
s States 3 & 4 are two-phase. Table B.2.1 

^ Tl = T 3 = T 4 = T,,t(P) = -20°C 


Solution; 


AT 





253.2 

333.2 


Table B.2.1: S 3 = S 2 = Sg(60°C) = 4.6577 kJ/kg K 
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8.33 

Water is used as the working fluid in a Carnot cycle heat engine, where it changes 

from saturated liquid to saturated vapor at 200°C as heat is added. Heat is rejected 
in a constant pressure process (also constant T) at 20 kPa. The heat engine powers 
a Carnot cycle refrigerator that operates between -15°C and +20°C. Find the heat 
added to the water per kg water. How much heat should be added to the water in 
the heat engine so the refrigerator can remove 1 kJ from the cold space? 

Solution; 

Carnot cycle heat engine; 

Constant T ^ constant P from 1 to 2, Table B.2.1 

qn = I Tds = T (s 2 - Si) = T Sfg = hfg 

= 473.15 (4.1014) = 1940 kJ/kg 
States 3 & 4 are two-phase, Table B.2.1 

^ Tl = T 3 = T 4 = T,at(P) = 6 O.O 6 OC 



Carnot cycle refrigerator (Tl and T^ are different from above) 


Pref w 


T 


L 


Th-Tl 20-(-15) 


273- 15 258 

“ 35 


= 7.37 


W = 


1 


Ql ^_ 

P 7.37 


= 0.136 kJ 


The needed work comes from the heat engine 


W - Ahe Qh H20 i 


Ahe “ 1 “ 


T 


L 


T 


H 


333 

1 - ^ = 0.296 


W 0.136 . 

Qh H20 “ “ ^ kJ 


Ahe 


0.296 
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8.34 

Consider a Carnot-cycle heat pump with R-22 as the working fluid. Heat is 
rejeeted from the R-22 at 40°C, during whieh proeess the R-22 ehanges from 
saturated vapor to saturated liquid. The heat is transferred to the R-22 at 0°C. 

a. Show the cyele on a T-s diagram. 

b. Find the quality of the R-22 at the beginning and end of the isothermal heat 
addition proeess at 0°C. 

e. Determine the eoefficient of performanee for the cyele. 

Solution: 



b) From Table B.4.1, state 3 is 
saturated liquid 

S 4 = S 3 = 0.3417 kJ/kg K 

= 0.1751 +X4(0.7518) 

=> X 4 = 0,2216 


State 2 is saturated vapor so from Table B.4.1 

Si =S 2 = 0.8746 kJ/kgK = 0.1751 +xi(0.7518) 



=> xi = 0.9304 


flH _ Th _ 313.2 
win~Th-Tl“ 40 


7.83 
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8.35 

Do Problem 8.34 using refrigerant R-134a instead of R-22. 

Consider a Carnot-cycle heat pump with R-22 as the working fluid. Heat is 
rejected from the R-22 at 40°C, during which process the R-22 changes from 
saturated vapor to saturated liquid. The heat is transferred to the R-22 at 0°C. 

a. Show the cycle on a T-s diagram. 

b. Find the quality of the R-22 at the beginning and end of the isothermal heat 
addition process at 0°C. 

c. Determine the coefficient of performance for the cycle. 


Solution; 



b) From Table B.5.1, state 3 is 
saturated liquid 

S4 = S3 = 1.1909 kJ/kgK 

= 1.00 + X4(0.7262) 

=> X 4 = 0,2629 


State 2 is saturated vapor so from Table B.5.1 

Si = S 2 = 1.7123 kJ/kg K= 1.00 + xi(0.7262) 

=> xi = 0.9809 





313.2 

40 



7.83 
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8.36 

Water at 200 kPa, x = 1.0 is compressed in a piston/cyUnder to 1 MPa, 250°C in a 
reversible process. Find the sign for the work and the sign for the heat transfer. 

Solution: 

State 1: Table B.1.1: 

Yl = 0.8857 m^/kg; = 2529.5 kJ/kg; s^ = 7.1271 kJ/kg K 
State 2: Table B.1.3: 

V 2 = 0.23268 m^/kg; U 2 = 2709.9 kJ/kg; S 2 = 6.9246 kJ/kg K 
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8.37 


Water at 200 kPa, x = 1.0 is compressed in a piston/cyUnder to 1 MPa, 350°C in a 
reversible process. Find the sign for the work and the sign for the heat transfer. 


Solution: 


1^2 = j P dv 

so sign dv 

102 = 11 ds 

so sign ds 

B1.2 vi = 0.88573 m^/kg 

Si =7.1271 kJ/kgK 

B1.3 V 2 = 0.28247 m^/kg 

S2 = 7.301 kJ/kgK 

dv < 0 => 

w is negative 

ds > 0 => 

q is positive 




Sonntag, Borgnakke and van Wylen 


8.38 


Ammonia at 1 MPa, 50®C is expanded in a piston/eyUnder to 500 kPa, 20°C in a 
reversible proeess. Find the sign for both the work and the heat transfer. 

Solution; 


1^2 = j P dv 

so sign dv 

102 = 11 ds 

so sign ds 

B.2.2 vi = 0.14499 m^/kg 

Si =5.2654 kJ/kgK 

B.2.2 V 2 = 0.26949 m^/kg 

§2 = 5.4244 kJ/kg K 

dv > 0 => 

w is positive 

ds > 0 => 

q is positive 
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8.39 

One kilogram of ammonia in a piston/cyUnder at 50°C, 1000 kPa is expanded in a 
reversible isothermal process to 100 kPa. Find the work and heat transfer for this 
process. 

Solution; 

C.V.; NH 3 This is a control mass m 2 = m^ with a reversible process 
Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.3; m(s 2 - s^) = J* (1/T) dQ = 1 Q 2 /T (= since reversible) 


Rev.: 1 W 2 = f PdV 

1Q2 = f Tmds = mT(s 2 - Si) 

Prom Table B.2.2 



State 1; = 1391.3 kJ/kg; s^ = 5.265 kJ/kg K 

State 2: U 2 = 1424.7 kJ/kg; S 2 = 6.494 kJ/kg K; V 2 = 1.5658 m^/kg; 

h 2 = 1581.2 kJ/kg 

1 Q 2 = 1 kg (273 + 50) K (6.494 - 5.265) kJ/kg K = 396.967 kJ 
1 W 2 = 1 Q 2 - ni(u2 - ui) = 363.75 kJ 
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8.40 

One kilogram of ammonia in a piston/cylinder at 50°C, 1000 kPa is expanded in a 
reversible isobaric process to 140°C. Find the work and heat transfer for this 
process. 


Solution: 

Control mass. 

m(u2 - ui) = 1Q2 - 1W2 
Process: P = constant 

^ 1W2 = mP(v 2 - vi) 




State 1: Table B.2.2 v^ = 0.145 m^/kg, = 1391.3 kJ/kg 

State 2: Table B.2.2 V 2 = 0.1955 m^/kg, U 2 = 1566.7 kJ/kg 
1 W 2 = 1 X 1000(0.1955 - 0.145) = 50.5 kJ 
1 Q 2 = m(u2 - ui) + 1 W 2 = 1 X (1566.7 - 1391.3) + 50.5 = 225.9 kJ 
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8.41 

One kilogram of ammonia in a piston/cyUnder at 50°C, 1000 kPa is expanded in a 
reversible adiabatic process to 100 kPa. Find the work and heat transfer for this 
process. 

Solution; 

Control mass: Energy Eq.5.11; rn(u 2 - u^) = 1 Q 2 - 1 W 2 
Entropy Eq.8.3; m(s 2 - s^) = j dQ/T ( = since reversible) 

Process: jQ 2 = 0 ^ S 2 = s^ 

State 1; (P, T) Table B.2.2, uj = 1391.3 kJ/kg, s^ = 5.2654 kJ/kg K 

State 2: P 2 , S 2 ^ 2 phase Table B.2.1 

Interpolate: Sg 2 = 5.8404 kJ/kg K, Sf = 0.1192 kJ/kg K 

s - Sf 5.2654-0.1192 ^ 

^2- Sfg “ 5.7212 

U 2 = Uf+ X 2 Ufg = 27.66 + 0.9x1257.0 = 1158.9 kJ/kg 
lW2 = l X (1391.3 - 1158.9) = 232.4 kJ 
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8.42 

A cylinder fitted with a piston eontains ammonia at 50°C, 20% quality with a 
volume of 1 L. The ammonia expands slowly, and during this process heat is 
transferred to maintain a constant temperature. The process continues until all the 
liquid is gone. Determine the work and heat transfer for this process. 

Solution; 

C.V. Ammonia in the eylinder. 

Table B.2.1: Ti = 50°C, xi = 0.20, Vi = 1 L 

vi = 0.001777 + 0.2 xO.06159 = 0.014095 m^/kg 
Si = 1.5121 + 0.2 X 3.2493 =2.1620 kJ/kgK 
m = Vi/vi = 0.001/0.014095 = 0.071 kg 

V 2 = Vg = 0.06336 m^/kg, 

S2 = Sg = 4.7613 kJ/kg K 



Process; T = constant to X 2 = 1.0, P = constant = 2.033 MPa 
From the constant pressure process 

1 W 2 = /PdV = Pm(v 2 - vi) = 2033 x 0.071 x (0.06336 - 0.014095) = 7.11 kJ 
From the seeond law Eq.8.3 with eonstant T 

1 Q 2 = /TdS = Tm(s 2 - si) = 323.2 x 0.071(4.7613 - 2.1620) = 59.65 kJ 

or 1 Q 2 = m(u 2 - ui) + 1 W 2 = m(h 2 - hi) 

hi = 421.48 + 0.2 X 1050.01 = 631.48 kJ/kg, h2 = 1471.49 kJ/kg 
1 Q 2 = 0.071(1471.49 - 631.48) = 59.65 kJ 
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8.43 

An insulated cylinder fitted with a piston contains 0.1 kg of water at 100°C, 90% 
quality. The piston is moved, compressing the water until it reaches a pressure of 
1.2 MPa. How much work is required in the process? 

Solution; 

C.V. Water in cylinder. 

Energy Eq.5.11; 1 Q 2 = 0 = m(u 2 - u^) + 1 W 2 

Entropy Eq.8.3; m(s 2 - s^) = 1 dQ/T = 0 (assume reversible) 


State 1; 100°C, xj = 0.90; 
Table B.1.1, 

Si = 1.3068 + 0.90x6.048 
= 6.7500 kJ/kg K 



ui = 418.91 + 0.9 X 2087.58 = 2297.7 kJ/kg 


State 2; Given by (P, s) B. 1.3 


S 2 = Si = 6.75001 
P 2 = 1.2MPa J 


T2 = 232.3°C 
U2 = 2672.9 


1 W 2 = -m(u2 - ui) = -0.1(2672.9 - 2297.7) = -37.5 kJ 
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8.44 

Compression and heat transfer brings R-134a in a piston/cylinder from 500 kPa, 

50”C to saturated vapor in an isothermal process. Find the specific heat transfer 
and the specific work. 

Solution; 

m = constant 

Energy Eq.5.11: U 2 - ui = iq 2 - 1 W 2 
Entropy Eq.8.3: S 2 - Si= j dq/T = 1^2 /T 

Process: T = C and assume reversible ^ 102 ^ T (s 2 - s^) 


State 1: Table B.5.2: 
Uj = 415.91 kJ/kg, 

51 = 1.827 kJ/kgK 

State 2: Table B.5.1 
U2 = 403.98 kJ/kg, 

52 = 1.7088 kJ/kg K 



iq 2 = (273 + 50) x (1.7088 - 1.827) = -38.18 kJ/kg 
1 W 2 = iq2 + ui - U2 = -38.18 + 415.91 - 403.98 

= -26.25 kJ/kg 















Sonntag, Borgnakke and van Wylen 


8.45 

One kilogram of water at 300°C expands against a piston in a eylinder until it 
reaches ambient pressure, 100 kPa, at which point the water has a quality of 
90.2%. It may be assumed that the expansion is reversible and adiabatic. What 
was the initial pressure in the cylinder and how much work is done by the water? 


Solution: 


C.V. Water. Process: Rev., Q = 0 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 = - 1 W 2 

Entropy Eq.8.3: m(s 2 - s^) = j dQ/T 


Process: Adiabatic Q = 0 and reversible = 


=> 


S2 = Sl 


State 2: P 2 = 100 kPa, X 2 = 0.902 from Table B. 1.2 


S 2 = 1.3026 + 0.902 x 6.0568 = 6.7658 kJ/kg K 
U 2 = 417.36 + 0.902 x 2088.7 = 2301.4 kJ/kg 
State 1 At Ti = 300°C, Si = 6.7658 Bind it in Table B.1.3 

^ Pi = 2000 kPa, ui = 2772.6 kJ/kg 

Prom the energy equation 

lW2 = m(ui -U2)= 1(2772.6-2301.4) = 471.2 kJ 
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8.46 

Water in a piston/cylinder at 400°C, 2000 kPa is expanded in a reversible 
adiabatic process. The specific work is measured to be 415.72 kJ/kg out. Find the 
final P and T and show the P-v and the T-s diagram for the process. 

Solution; 

C.V. Water, which is a control mass. Adiabatic so; iq 2 = 0 

Energy Eq.5.11; U 2 -U 1 = 102 - 1 W 2 =- 1 W 2 

Entropy Eq.8.3; S 2 - 8^= j dq/T = 0 (= since reversible) 

State 1; Table B.1.3 u^ = 2945.21 kJ/kg; s^ = 7.127 kJ/kg K 
State 2; (s, u); U 2 = u^ - 1 W 2 = 2529.29 - 415.72 = 2529.49 kJ/kg 

=> sat, vapor 200 kPa, T = 120,23°C 
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8.47 

A piston/cylinder has 2 kg ammonia at 50°C, 100 kPa which is compressed to 
1000 kPa. The process happens so slowly that the temperature is constant. Find 
the heat transfer and work for the process assuming it to be reversible. 

Solution: 

CV : NH 3 Control Mass 

Energy Eq.5.11: m(u 2 - u^) = 1 Q 2 - 1 W 2 ; 

Entropy Eq.8.3: m(s 2 - s^) = j dQ/T 

Process: T = eonstant and assume reversible process 

1: (T,P), Table B.2.2: v^ = 1.5658 m^/kg, u^ = 1424.7 kJ/kg, 

51 = 6.4943 kJ/kg K 

2: (T,P), Table B.2.2: V 2 = 0.1450 m^/kg, U 2 = 1391.3 kJ/kg, 

5 2 = 5.2654 kJ/kg K 



Prom the entropy equation (2nd law) 

1 Q 2 = mT(s 2 - si) = 2 X 323.15 (5.2654 - 6.4943) = -794,2 kJ 

Prom the energy equation 

1 W 2 = 1 Q 2 - m(u 2 - ui) = -794.24 - 2(1391.3 - 1424.62) = -727.6 kJ 
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8.48 

A piston cylinder has R-134a at -20®C, 100 kPa which is compressed to 500 kPa 
in a reversible adiabatic process. Find the final temperature and the specific work. 

Solution; 

C.V. R-134a, Control mass of unknown size, adiabatic 142^0 

Energy Eq.5.11; U 2 - ui = iq 2 - 1 W 2 = - 1 W 2 

Entropy Eq.8.3: §2 - = j dq/T 

Process: Adiabatic and reversible => S 2 = si 

State 1; (T, P) B.5.2 ui = 367.36 kJ/kg, si = 1.7665 kJ/kg K 

State2; (P, s) B.5.2 P 2 = 500 kPa, S 2 = Si = 1.7665 kJ/kg K 

very close at 30°C U 2 = 398.99 kJ/kg 
1 W 2 = U2 - ui = 367.36 - 398.99 = -31.63 kJ/kg 









Sonntag, Borgnakke and van Wylen 


8.49 


A closed tank, V= 10 L, containing 5 kg of water initially at 25°C, is heated to 
175°C by a heat pump that is receiving heat from the surroundings at 25°C. 
Assume that this process is reversible. Find the heat transfer to the water and the 
change in entropy. 

Solution; 

C.V.: Water from state 1 to state 2. 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 
Entropy Eq. 8 .3; m(s 2 - s^) = j dQ/T 

Process: constant volume (reversible isometric) so 1 W 2 =0 


State 1: vi = V/m = 0.002 from Table B.1.1 

xi = (0.002 - 0.001003)/43.358 = 0.000023 
ui = 104.86 + 0.000023 x 2304.9 = 104.93 kJ/kg 
Si = 0.3673 + 0.000023 x 8.1905 = 0.36759 kJ/kg K 
Continuity eq. (same mass) and V = C fixes V 2 


State 2; T 2 , V 2 = vi 


so from Table B.1.1 


X2 = (0.002 - 0.001121)/0.21568 = 0.004075 
U 2 = 740.16 + 0.004075 x 1840.03 = 747.67 kJ/kg 
S 2 = 2.0909 + 0.004075 x 4.5347 = 2.1094 kJ/kg K 
Energy eq. has W = 0, thus provides heat transfer as 

1 Q 2 = m(u2 - ui) = 3213.7 kJ 
The entropy change becomes 

m(s2 - si) = 5(2.1094 - 0.36759) = 8.709 kJ/K 





Notice we do not perform the integration j dQ/T to find change in s as the 
equation for the dQ as a function of T is not known. 
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8.50 

A cylinder containing R-134a at 10°C, 150 kPa, has an initial volume of 20 L. A 
piston compresses the R-13 4a in a reversible, isothermal process until it reaches 
the saturated vapor state. Calculate the required work and heat transfer to 
accomplish this process. 

Solution; 

C.V. R-134a. 

Cont.Eq.; m 2 = mi=m; 

Energy Eq.;5.11 m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.3: m(s 2 - s^) = ! dQ/T 
Process: T = constant, reversible 

State 1: (T, P) Table B.5.2 ui = 388.36 kJ/kg, si = 1.822 kJ/kg K 
m = V/vi = 0.02/0.148283 = 0.1349 kg 

State 2: (10°C, sat. vapor) 

Table B.5.1 
U2 = 383.67 kJ/kg, 

S2 = 1.7218 kJ/kgK 



V 



As T is eonstant we ean find Q by integration as 

1Q2 = /Tds = mT(s 2 - si) = 0.1349 x 283.15 x (1.7218 - 1.822) = -3.83 kJ 

The work is then from the energy equation 

1 W 2 = m(ui - U 2 ) + 1 Q 2 = 0.1349 X (388.36 - 383.67) - 3.83 = -3.197 kJ 
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8.51 

A heavily-insulated eylinder fitted with a frietionless piston, as shown in Fig. 
P8.51 contains ammonia at 5°C, 92.9% quality, at which point the volume is 200 
L. The external force on the piston is now increased slowly, compressing the 
ammonia until its temperature reaches 50°C. How much work is done by the 
ammonia during this process? 

Solution; 

C.V. ammonia in cylinder, insulated so assume adiabatic Q = 0. 

Cont.Eq.; m 2 = mi=m; 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 
Entropy Eq.8.3; m(s 2 - s^) = ! dQ/T 

State 1: Ti = 5T, xi = 0.929, Vi = 200 E = 0.2 m^ 

Table B.2.1 saturated vapor. Pi = Pg = 515.9 kPa 

vi = Vf + XiVfg = 0.001583 + 0.929 x 0.2414 = 0.2258 m^/kg, 

Ui = Uf+ xiUfg = 202.8 + 0.929 x 1119.2 = 1242.5 kJ/kg 
Si =Sf+xiSfg = 0.7951 +0.929 X 4.44715 =4.9491 kJ/kg K, 
mi = Vi/vi = 0.2 / 0.2258 = 0.886 kg 
Process: l->2 Adiabatic 1 Q 2 = 0 & Reversible => si = S 2 

State 2; T 2 = 50°C, S 2 = Si= 4.9491 kJ/kgK 

superheated vapor, interpolate in Table B.2.2 => 

P 2 = 1600 kPa, U 2 = 1364.9 kJ/kg 



Energy equation gives the work as 

1 W 2 = m(ui - U 2 ) = 0.886 ( 1242.5 - 1364.9) = -108.4 kJ 
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8.52 

A piston/cylinder has 2 kg water at 1000 kPa, 250°C which is now cooled with a 
constant loading on the piston. This isobaric process ends when the water has 
reached a state of saturated liquid. Find the work and heat transfer and sketch the 
process in both a P-v and a T-s diagram. 

Solution; 

C.V. H 2 O 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.3: m(s 2 - s^) = j dQ/T 

Process: P = C => W = jPdV= P(V 2 - Vi) 

State 1; B.1.3 V|= 0.23268 m^/kg, si= 6.9246 kJ/kg K, uj = 2709.91 kJ/kg 

State 2; B.1.2 V 2 = 0.001127 /kg, S 2 = 2.1386 kJ/kg K, U 2 = 761.67 kJ/kg 
From the process equation 

1 W 2 = m P (V 2 - vi) = 2 X 1000 (0.001127 - 0.23268) = -463.1 kJ 

From the energy equation we get 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 2 (761.67 - 2709.91) - 463.1 = -4359.6 kJ 
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8.53 

Water at 1000 kPa, 250°C is brought to saturated vapor in a piston/cylinder with 
an isothermal process. Find the specific work and heat transfer. Estimate the 
specific work from the area in the P-v diagram and compare it to the correct 
value. 

Solution; 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.;5.11 m(u 2 - Ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.3: m(s 2 - s^) = 1 dQ/T 

Process: T = constant, reversible 
State 1; Table B.1.3; 

vi = 0.23268 m^/kg; ui = 2709.91 kJ/kg; si = 6.9246 kJ/kg K 
State 2; (T, x) Table B.1.1 P 2 = 3973 kPa 

V 2 = 0.05013 m^/kg, U 2 = 2602.37 kJ/kg, S 2 = 6.0729 kJ/kg K 



Prom the entropy equation 

iq 2 = I T ds = T(s 2 - si) = (250 + 273) (6.0729 - 6.9246) = -445.6 kJ/kg 

Prom the energy equation 

1 W 2 = iq2 + ui - U2 = -445.6 + 2709.91 - 2602.37 = -338 kJ/kg 

Estimation of the work term from the area in the P-v diagram 

1 W 2 area = ^ (Pi+P2)(v2 “ ^i) = ^(1000 + 3973)(0.05013 - 0.23268) 

= -454 kJ/kg 

Not extremely accurate estimate; P-v curve not linear more like Pv = constant 
as curve has positive curvature the linear variation over-estimates area. 
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8.54 


Water at 1000 kPa, 250°C is brought to saturated vapor in a rigid eontainer, 
shown in Fig. P8.54. Find the final T and the specific heat transfer in this 
isometric process. 


Solution; 


Energy Eq. 5.11 


^2 “^1 “ 1O2 ■ 1^2 


Entropy Eq.8.3 
Process: 


S 2 - Sj = j dq/T 


V = constant => 


1W2 = 0 


State 1: (T, P) Table B. 1.3 u^ = 2709.91 kJ/kg, v^ = 0.23268 /kg 

State 2: X = 1 and V 2 = vj so from Table B. 1.1 we see P 2 = 800kPa 

T 2 = 170 + 5 X (0.23268 - 0.24283)/(0.2168 - 0.24283) 

= 170 + 5 X 0.38993 = 171.95°C 
U 2 = 2576.46 + 0.38993 x (2580.19 - 2576.46) = 2577.9 kJ/kg 

Prom the energy equation 

iq2 = U2 - ui = 2577.9 - 2709.91 = -132 kJ/kg 



Notice to get iq2 = I T ds we must know the function T(s) which we do 
not readily have for this process. 
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8.55 


Estimate the speeifie heat transfer from the area in the T-s diagram and eompare it 
to the eorrect value for the states and proeess in Problem 8.54. 

Solution; 

Energy Eq.5.11; U 2 - ui = iq 2 - 1 W 2 


Entropy Eq.8.3; 


S 2 - Si = 1 dq/T 


Proeess; 


V = constant => 


1W2 - 0 


State 1; (T, P) Table B. 1.3 
State 2; X = 1 and V 2 = v^ 


ui = 2709.91 kJ/kg, vi = 0.23268 m^/kg, 

Sj = 6.9246 kJ/kg K 

so from Table B. 1.1 we see P 7 = 800kPa 


T 2 = 170 + 5 X (0.23268 - 0.24283)/(0.2168 - 0.24283) 

= 170 + 5 X 0.38993 = 171.95°C 
U 2 = 2576.46 + 0.38993 x (2580.19 - 2576.46) = 2577.9 kJ/kg 

S2 = 6.6663 + 0.38993 (6.6256 - 6.6663) = 6.6504 kJ/kg K 

From the energy equation 

192 actual = U 2 - ui = 2577.9 - 2709.91 = -132 kJ/kg 
Assume a linear variation of T versus s. 

192 = j T ds = area = | (T^ + T 2 )(s 2 - Si) 


= I (171.95 + (2 X 273.15) + 250)(6.6504 - 6.9246) 


= -132.74 kJ/kg 

very close i.e. the v = C curve is close to a straight line in the T-s diagram. 
Took at the constant v curves in Fig. E. 1. In the two-phase region they curve 
slightly and more so in the region above the critical point. 











Sonntag, Borgnakke and van Wylen 


8.56 

Water at 1000 kPa, 250°C is brought to saturated vapor in a piston/cylinder with 
an isobaric process. Find the specific work and heat transfer. Estimate the specific 
heat transfer from the area in the T-s diagram and compare it to the correct value. 

Solution; 

C.V. H 2 O 

Energy Eq.5.11; U 2 - ui = iq 2 - 1 W 2 
Entropy Eq.8.3: §2 - Sj = j dq/T 

Process: P = C => w = jPdv= P(v 2 - v^) 

1:B1.3 Vi= 0.23268 m^/kg, si= 6.9246 kJ/kgK, u^ = 2709.91 kJ/kg 

2;B1.3 V2 = 0.19444 m^/kg, S 2 = 6.5864 kJ/kg K, U 2 = 2583.64 kJ/kg, 

T2= 179.91°C 

Prom the process equation 

1 W 2 = P (V2 - vi) = 1000 (0.1944 - 0.23268) = -38.28 kJ/kg 

Prom the energy equation 

iq2 = U2 - ui + 1 W 2 = 2583.64 - 2709.91 - 38.28 = -164.55 kJ/kg 
Now estimate the heat transfer from the T-s diagram. 

192 = I T ds = AREA = | (Ti + T 2 )(s 2 - Si) 

= I (250 + 179.91 + 2 X 273.15)(6.5864 - 6.9246) 

= 488.105 X (-0.3382) = -165.1 kJ/kg 

very close approximation. The P = C curve in the T-s diagram is nearly a 
straight line. Took at the constant P curves on Pig.E.l. Up over the critical 
point they curve significantly. 
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8.57 

A heavily insulated cylinder/piston contains ammonia at 1200 kPa, 60°C. The 
piston is moved, expanding the ammonia in a reversible process until the 
temperature is -20°C. During the process 600 kJ of work is given out by the 
ammonia. What was the initial volume of the cylinder? 

C.V. ammonia. Control mass with no heat transfer. 

State 1; Table B.2.2 v^ = 0.1238 m^/kg, s^ = 5.2357 kJ/kg K 

ui = h - Pv = 1553.3 - 1200x0.1238 = 1404.9 kJ/kg 
Entropy Eq.; m(s 2 - s^) = 1 dQ/T + ^82 gen 

Process: reversible ( 1 S 2 gen = 0) and adiabatic (dQ = 0) => 82 = 8 ^ 



V s 

State2:T2, S 2 ^ X 2 = (5.2357 - 0.3657)75.2498 = 0.928 

U 2 = 88.76 + 0.928x1210.7 = 1211.95 kJ/kg 
1 Q 2 = 0 = m(u 2 - ui) + 1 W 2 = m(1211.95 - 1404.9) + 600 


^ m = 3.110kg 
Vj = mvj =3.11 X 0.1238 = 0,385 
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8.58 

Water at 1000 kPa, 250°C is brought to saturated vapor in a piston/cyUnder with 
an adiabatic process. Find the final T and the specific work. Estimate the specific 
work from the area in the P-v diagram and compare it to the correct value. 

Solution; 

C.V. Water, which is a control mass with unknown size. 

Energy Eq.5.11; U 2 -ui = 0- iW 2 

Entropy Eq.8.3; §2 - s^ = j dq/T = 0 


Process; 

Adiabatic 

1 q 2 = 0 and reversible as used above 

State 1; 

Table B. 1.3 

vi = 0.23268 m^/kg, ui = 2709.91 kJ/kg, 



Sj = 6.9246 kJ/kg K 

State 2; 

Table B. 1.1 

X = 1 and S 2 = Sj = 6.9246 kJ/kg K 


=> T2 = 140.56°C, P2 = 367.34 kPa, V 2 = 0.50187 m^/kg, 
U2 = 2550.56 kJ/kg 


Erom the energy equation 

lW2= ui-U2 = 2709.91 -2550.56= 159.35 kJ/kg 

Now estimate the work term from the area in the P-v diagram 

lW2=|(Pi +P2)(V2-Vi) 

= ^ (1000 + 367.34X0.50187 - 0.23268) 

= 184 kJ/kg 

The s = constant curve is not a straight line in the the P-v diagram, notice the 
straight line overestimates the area slightly. 
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8.59 


A rigid, insulated vessel eontains superheated vapor steam at 3 MPa, 400°C. A 


valve on the vessel is opened, allowing steam to eseape. The overall proeess is 
irreversible, but the steam remaining inside the vessel goes through a reversible 
adiabatie expansion. Determine the fraction of steam that has escaped, when the 
final state inside is saturated vapor. 

C.V.: steam remaining inside tank. Rev. & Adiabatic (inside only) 

Cont.Eq.: m 2 = m^ = m ; Energy Eq.; m(u 2 - u^) = 1 Q 2 - 1 W 2 

Entropy Eq.; m(s 2 - s^) = 1 dQ/T + 1 S 2 gen 



V 


s 


Rev (iS 2 gen = 0) Adiabatic ( Q = 0) => S 2 = = 6.9212 = sq at T 2 




mj mj 
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8.60 

A piston/cylinder contains 2 kg water at 200°C, 10 MPa. The piston is slowly 
moved to expand the water in an isothermal proeess to a pressure of 200 kPa. Any 
heat transfer takes place with an ambient at 200°C and the whole proeess may be 
assumed reversible. Sketch the process in a P-V diagram and caleulate both the 
heat transfer and the total work. 

Solution; 

C.V. Water. 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.3: m(s 2 - s^) = j dQ/T = 1 Q 2 / T 

Process: T = C and reversible as used in entropy equation 
State 1; Table B.1.4: v^ = 0.001148 m^/kg, u^ = 844.49 kJ/kg, 

51 =2.3178 kJ/kg K, 

Vi = mvi = 0.0023 m^ 

State 2; Table B.1.3 ; V 2 = 1.08034 m^/kg, U 2 = 2654.4 kJ/kg 

52 = 7.5066 kJ/kg K 
V 2 = mv2 = 2.1607 m3, 




Prom the entropy equation and the process equation 

1 Q 2 = mT(s2 - si) = 2 X 473.15 (7.5066 - 2.3178) = 4910 kJ 

Prom the energy equation 

lW2 = iQ2-m(u2-ui) = 1290.3 kJ 
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Entropy generation 


8.61 


One kg water at 500®C and 1 kg saturated water vapor both at 200 kPa are mixed 
in a eonstant pressure and adiabatie proeess. Find the final temperature and the 
entropy generation for the proeess. 

Solution; 

Continuity Eq.: m 2 - m^ - mg = 0 


Energy Eq.5.11: 
Entropy Eq.8.14: 
Proeess: 


m2U2 - niAUA - rngug - - 1 W 2 

m 2 S 2 - niASA - mgsg = ! dQ/T + 1S2 gen 
P = Constant => 1W2 = 1 PdV = P(V2 - Vi) 


Q = 0 

Substitute the work term into the energy equation and rearrange to get 

m2U2 + P2V2 = m2h2 = mAUA + mBUB+ PVi = mAhA + rnghg 
where the last rewrite used PV^ = PVa + PVg. 

State Al; Table B.1.3 hA= 3487.03 kJ/kg, Sa= 8.5132 kJ/kg K 
State Bl; Table B. 1.2 hg = 2706.63 kJ/kg, sg= 7.1271 kJ/kg K 
Energy equation gives: 



+ ^ hg = 13487.03 +12706.63 = 3096.83 


State 2: P 2 , h 2 = 3096.83 kJ/kg => S 2 = 7.9328 kJ/kg K; T 2 = 312,2°C 

With the zero heat transfer we have 

1S 2 gen = ^ 2^2 “ “ ^IbSB 

= 2 X 7.9328 - 1 X 8.5132 - 1 X 7.1271 = 0.225 kJ/K 
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8.62 

The unrestrained expansion of the reaetor water in Problem 5.48 has a final state 
in the two-phase region. Find the entropy generated in the proeess. 

A water-filled reactor with volume of 1 m^ is at 20 MPa, 360°C and placed inside a 
containment room as shown in Fig. P5.48. The room is well insulated and initially 
evacuated. Due to a failure, the reactor ruptures and the water fills the containment 
room. Find the minimum room volume so the final pressure does not exceed 200 
kPa. 

Solution: 

C.V.: Containment room and reactor. 

Mass: m 2 = m^ = = 1/0.001823 = 548.5 kg 

Energy Eq.5.11: m(u 2 - Uj) = jQ 2 - ^W 2 = 0-0 = 0 

Entropy Eq.8.14: m(s 2 - s^) = j dQ/T + ^82 gen 

State 1: (T, P) Table B.1.4 u^ = 1702.8 kJ/kg, si = 3.877 

Energy equation implies U 2 = u^ = 1702.8 kJ/kg 

State 2: P 2 = 200kPa, U 2 <Ug => Two-phase Table B. 1.2 

X 2 = (U 2 - 

V 2 = 0.001061 + 0.59176 x 0.88467 = 0.52457 m^/kg 
S 2 = Sf + X 2 Sfg = 1.53 + 0.59176 x 5.597 = 4.8421 kJ/kg K 
V 2 = m 2 V 2 = 548.5 xO.52457 = 287.7 

Erom the entropy equation the generation is 

1 S 2 gen = m(s 2 - Si) = 548.5 (4.8421 - 3.877) 

= 529.4 kJ/K 

A P 


V 

Entropy is generated due to the unrestrained expansion. No work was 
taken out as the volume goes up. 




Uf)/ Ufg = (1702.8 - 504.47)72025.02 = 0.59176 
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8.63 

A mass and atmosphere loaded piston/cylinder contains 2 kg of water at 5 MPa, 
100°C. Heat is added from a reservoir at 700°C to the water until it reaches 
700°C. Find the work, heat transfer, and total entropy production for the system 
and surroundings. 

Solution; 

C.V. Water out to surroundings at 700°C. This is a control mass. 

Energy Eq.5.11; U 2 - Ui = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = /dQ/T + 1 S 2 ge„ = iQ2/Tres + 1 S 2 gen 

Process: P = constant so 1 W 2 = P(V 2 - V^) = mP(v 2 - v^) 

State 1; Table B.1.4: h^ = 422.72 kJ/kg, u^ = 417.52 kJ/kg, 

Sj = 1.303 kJ/kg K, vi = 0.00104 m^/kg 
State 2: Table B.1.3: h 2 = 3900.1 kJ/kg, U 2 = 3457.6 kJ/kg, 

S 2 = 7.5122 kJ/kg K, V 2 = 0.08849 m^/kg 



Work is found from the process (area in P-V diagram) 

1 W 2 = mP(v2 - vi) = 2 X 5000(0.08849 - 0.00104) = 874,6 kJ 

The heat transfer from the energy equation is 

1 Q 2 = U 2 - Ui + 1 W 2 = m(u2 - ui) + mP(v2 - Vi) = m(h2 - hi) 

1 Q 2 = 2(3900.1 - 422.72) = 6954.76 kJ 
Entropy generation from entropy equation (or Eq.8.18) 

1 S 2 gen = m(s2 - Si) - iQ2/Tres = 2(7.5122 - 1.303) - 6954/973 = 5.27 kJ/K 
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8.64 


Ammonia is contained in a rigid sealed tank unknown quality at 0°C. When 

heated in boiling water to lOO^C its pressure reaehes 1200 kPa. Find the initial 
quality, the heat transfer to the ammonia and the total entropy generation. 

Solution; 

C.V. Ammonia, whieh is a eontrol mass of eonstant volume. 

Energy Eq.5.11; U 2 - ui = iq 2 - 1 W 2 


Entropy Eq.8.14: S 2 - s^ = j dq/T + 1 S 2 


gen 


State 2 


1200 kPa, lOO^C => Table B.2.2 

S 2 = 5.5325 kJ/kg K, V 2 = 0.14347 m^/kg, U 2 = 1485.8 kJ/kg 


State 1 


Vi =V2 


=> 


Table B.2.1 


xi = (0.14347 - 0.001566)/0.28763 = 0.49336 
ui = 741.28 kJ/kg, Si = 0.7114+ xj x 4.6195 = 2.9905 kJ/kg K 
Proeess: V = eonstant => 1 W 2 = 0 

iq2 = (U2 - ui) = 1485.8 - 741.28 = 744.52 kJ/kg 

To get the total entropy generation take the C.V out to the water at lOO^C. 

lS2gen = S2-Si - iq2/T = 5.5325 - 2.9905 - 744.52/373.15 


= 0.547 kJ/kg K 
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8.65 

An insulated cylinder/piston contains R-134a at 1 MPa, 50°C, with a volume of 
100 L. The R-134a expands, moving the piston until the pressure in the cylinder 
has dropped to 100 kPa. It is claimed that the R-134a does 190 kJ of work against 
the piston during the process. Is that possible? 

Solution; 

C.V. R-134a in cylinder. Insulated so assume Q = 0. 

State 1; Table B.5.2, v^ = 0.02185 m^/kg, u^ = 409.39 kJ/kg, 

Si = 1.7494 kJ/kgK, m = Vi/vi = 0.1/0.02185 = 4.577 kg 
Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 = 0 - 190 ^ 

U2 = ui - iW2/m = 367.89 kJ/kg 

State 2: P 2 , U 2 ^ Table B.5.2: T 2 = -19.25°C ; S 2 = 1.7689 kJ/kg K 
Entropy Eq. 8.14: m(s 2 - s 1 ) = /dQ/T + 1 S 2 ,gen = 1 § 2 ,gen 

1 ^2,gen ^ ‘ ^i) = 0.0893 kJ/K 


This is possible since iS 2 ^gen > 0 
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8.66 


A piece of hot metal should be cooled rapidly (quenched) to 25°C, which requires 
removal of 1000 kJ from the metal. The cold space that absorbs the energy could 
be one of three possibilities: ( 1 ) Submerge the metal into a bath of liquid water 
and ice, thus melting the ice. ( 2 ) Let saturated liquid R-22 at -20°C absorb the 
energy so that it becomes saturated vapor. (3) Absorb the energy by vaporizing 
liquid nitrogen at 101.3 kPa pressure. 

a. Calculate the change of entropy of the cooling media for each of the three cases. 

b. Discuss the significance of the results. 

Solution: 

a) Melting or boiling at const P & T 


1Q2 = m(u2 - ui) + Pm(v2 - vi) = m(h2 - hi) 


1000 


1) Ice melting at 0°C , Table B.1.5: m = 1 Q 2 /h;g = ^^3 4 ^ = 2.9993 kg 


ASh 20 = msig = 2.9993(1.221) = 3.662 kJ/K 


1000 


2) R-22 boiling at -20°C, Table B.4.1: m = 1 Q 2 /hfg = 22 Q 327 ^ 4.539 kg 


ASr. 22 = msfg = 4.539(0.8703) = 3.950 kJ/K 


1000 


3) N 2 boiling at 101.3 kPa, Table B.6.1: m = 1 Q 2 /hfg ^ 5.029 kg 


ASn 2 = “isfg = 5.029(2.5708) = 12.929 kJ/K 
b) The larger the A(l/T) through which the Q is transferred, the larger the AS. 
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8.67 

A piston cylinder has 2.5 kg ammonia at 50 kPa, -20°C. Now it is heated to 50°C 
at constant pressure through the bottom of the eylinder from external hot gas at 

200°C. Find the heat transfer to the ammonia and the total entropy generation. 
Solution; 

C.V. Ammonia plus space out to the hot gas. 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 


Entropy Eq.8.14: 


m(s2-si) = /dQ/T+iS2, 


gen 


1 Q 2 / "^gas 1^2 gen 


Process: 


P = C => 1 W 2 = Pni(v2 - v^) 


State 1: Table B.2.2 = 2.4463 m'^/kg, h^ = 1434.6 kJ/kg, 

51 =6.3187 kJ/kgK 

State 2: Table B.2.2 V 2 = 3.1435 m^/kg, h 2 = 1583.5 kJ/kg, 

52 = 6.8379 kJ/kg K 

Substitute the work into the energy equation and solve for the heat transfer 

1 Q 2 = m(h2 - hi) = 2.5 (1583.5 - 1434.6) = 372.25 kJ 


1^2 gen ^(^2 ^l) " lQ2^"^gas 

= 2.5 (6.8379 - 6.3187) - 372.25/473.15 

= 0.511 kJ/K 



Remark: This is an internally reversible- externally irreversible process. 

The s is generated in the space between the 200®C gas and the ammonia. 
If there are any AT in the ammonia then it is also internally irreversible. 
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8.68 


A cylinder fitted with a movable piston contains water at 3 MPa, 50% quality, at 
whieh point the volume is 20 L. The water now expands to 1.2 MPa as a result of 
reeeiving 600 kJ of heat from a large source at 300°C. It is elaimed that the water 
does 124 kJ of work during this proeess. Is this possible? 

Solution; 

C.V.: H 2 O in Cylinder 

State 1; 3MPa,xi=0.5, Table B.1.2; Ti=233.9T 

vi = Vf + xjVfg = 0.001216 + 0.5x0.06546 = 0.033948 m^/kg 
ui = Uf + xjUfg = 1804.5 kJ/kg, s^ = Sf + x^Sfg = 4.4162 kJ/kg-K 


st 


mi = Vj/vi = 0.02 / 0.033948 = 0.589 kg 
Law: 1“^2, rn(u 2 -ui) = 1 Q 2 - 1 W 2 ; 


lQ 2 = 600kJ, iW 2 = 124kJ? 


Now solve for U 2 


U 2 = 1804.5 + (600 - 124)70.589 = 2612.6 kJ/kg 
State 2: P 2 = 1.2 MPa : U 2 = 2612.6 kJ/kg Table B.1.3 


T 2 = 200°C, S 2 = 6.5898 kJ/kgK 


nd 


Q 


cv 


LawEq.8.18: ASj^gl = m(s 2 - si) - ; T^ = 300 C, Qcv^lQ2 


AS„et = 0.589 (6.5898 - 4.4162) - 

Process is possible 


600 


300 


0.2335 kJ/K > 0; 
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8.69 


A piston cylinder loaded so it gives constant pressure has 0.75 kg saturated vapor 
water at 200 kPa. It is now cooled so the volume becomes half the initial volume 

by heat transfer to the ambient at 20°C. Find the work, the heat transfer and the 
total entropy generation. 

Solution; 

Continuity Eq.; m 2 - m^ = 0 


Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14; m(s 2 - s^) = j dQ/T + ^82 ggn 

Process; P = C => 1 W 2 = I PdV = mP(v 2 - v^) 

1 Q 2 = m(u 2 - ui) + 1 W 2 = m(h 2 - hi) 

State 1; Vi = 0.88573 m^/kg, hi = 2706.63 kJ/kg, Si = 7.1271 kJ/kg K 
State 2; P 2 , V 2 = vi/2 = 0.444286 m3/kg => Table B.1.2 


X2 = (0.444286 - 0.001061)/0.88467 = 0.501 
h2 = 504.68 + X2X 2201.96 = 1607.86 kJ/kg 
S2 = 1.53+ X2X 5.5970 = 4.3341 kJ/kg K 


1 W 2 = 0.75 X 200(0.444286 - 0.88573) = -66.22 kJ 


1 Q 2 = 0.75(1607.86 - 2706.63) = -824.1 kJ 

1 S 2 gen = m(s2 - Si) - 1 Q 2 /T = 0.75(4.3341 - 7.1271) - (-824.1/293.15) 

= -2.09475 + 2.81119 = 0.716 kJ/K 


Notice; The process is externally irreversible (T receiving Q is not Ti) 


AP 
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8.70 

A piston/cylinder contains 1 kg water at 150 kPa, 20°C. The piston is loaded so 
pressure is linear in volume. Heat is added from a 600°C source until the water is 
at 1 MPa, 500°C. Find the heat transfer and the total change in entropy. 

Solution; 

CV H 2 O out to the source, both 1 Q 2 and 1 W 2 
Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = 1 Q 2 / Tsqurce + 1 S 2 gen 

Process: P = A + BV => 1 W 2 = IP dV = Vi (Pi + P 2 ) (V 2 - Vi) 

State 1; B. 1.1 Compressed liquid use saturated liquid at same T; 

vi = 0.001002 m^/kg; ui = 83.94 kJ/kg; Si = 0.2966 kJ/kg K 

State 2; Table B.1.3 sup. vap. 

V 2 = 0.35411 m^/kg 
U2 = 3124.3 kJ/kg; 

S2 = 7.7621 kJ/kg K 

lW2 = 14(1000 + 150) 1 (0.35411 -0.001002) = 203 kJ 
1 Q 2 = 1(3124.3 - 83.94) + 203 = 3243.4 kJ 
m(s2 - si) = 1(7.7621 - 0.2968) = 7.4655 kJ/K 
1 Q 2 / TgQ^j-ce = 3.7146 kJ/K (for source Q =- 1 Q 2 recall Eq.8.18) 

1^2 gen = ni(S2 " ^l) - 1 Q 2 / TgQURCE = AStotal 

= ASh 20 + ASsource = 7-4655 - 3.7146 = 3.751 kJ/K 

Remark: This is an external irreversible process (delta T to the source) 



V 
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8.71 

A piston/cylinder has ammonia at 2000 kPa, 80”C with a volume of 0.1 m^. The 

piston is loaded with a linear spring and outside ambient is at 20”C, shown in Fig. 

P8.71. The ammonia now cools down to 20®C at which point it has a quality of 
10%. Find the work, the heat transfer and the total entropy generation in the 
process. 


CV Ammonia out to the ambient, both 1 Q 2 and 1 W 2 


Energy Eq.5.11: 
Entropy Eq.8.14: 


m(u 2 -ui)= 1Q2- 1W2 

^(^2 " ^ 1 ) ~ 1 Q 2 ^ "^ambient 1^2 


gen 


Process: P = A + BV => ^W 2 = IP dV = ^2 m(Pi + P 2 ) (v 2 - Vi) 


State 1; Table B.2.2 

Yl = 0.07595 m^/kg, u^ = 1421.6 kJ/kg, s^ = 5.0707 kJ/kg K 

m = Vi/vi = 0.1/0.07595 = 1.31665 kg 
State 2: Table B.2.1 

V 2 = 0.001638 + 0.1x0.14758 = 0.016396 m^/kg 
U 2 = 272.89 + 0.1x1059.3 =378.82 kJ/kg 
S 2 = 1.0408 + 0.1x4.0452 = 1.44532 kJ/kg K 

1 W 2 = k2 m(Pi + P 2 )( V 2 - vi) 


= 1/2 X 1.31665 (2000 + 857.5)( 0.016396 - 0.07595) 

= -112kJ 


lQ 2 = m(u 2 -ui)+ iW 2 = 1.31665 (378.82 - 1421.6)-112 


1 ^2 gen 


= - 1484.98 kJ 

= m(S2-Si)-(iQ2/ T^mb) 

-1484.98 

= 1.31665 (1.44532-5.0707)- ^93 15 
= - 4.77336 + 5.0656 = 0.292 kJ/k 
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8.72 

A cylinder/piston contains water at 200 kPa, 200°C with a volume of 20 L. The 
piston is moved slowly, eompressing the water to a pressure of 800 kPa. The 
loading on the piston is sueh that the produet PV is a constant. Assuming that the 
room temperature is 20°C, show that this proeess does not violate the second law. 

Solution: 

C.V.: Water + cylinder out to room at 20°C 
Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = 1 Q 2 / + 1 S 2 gen 

Process: PV = constant = Pmv ^ V 2 = P 1 V 1 /P 2 

1W2 = /Pdv = PjVi ln(v 2 /vi) 


State 1: Table B.1.3, v^ = 1.0803 m'^/kg, u^ = 2654.4 kJ/kg, 

Si = 7.5066 kJ/kg K 

State 2: P 2 , V 2 = P 1 V 1 /P 2 = 200 x 1.0803/800 = 0.2701 m^/kg 

Table B.1.3: U 2 = 2655.0 kJ/kg , S 2 = 6.8822 kJ/kg K 


1 W 2 = 200 X 1.0803 In 


r o.27oi 

1.0803 


V 






= -299.5 kJ/kg 


iq2 = U2 - ui + 1 W 2 = 2655.0 - 2654.4 - 299.5 = -298.9 kJ/kg 


1^2,gen ^2 ■ ^1 


192 

y 

room 


= 6.8822 -7.5066 + 


298.9 

293.15 


= 0.395 kJ/kg K > 0 satisfy 2— law. 
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8.73 


One kilogram of ammonia (NH 3 ) is contained in a spring-loaded piston/cylinder, 

Fig. P8.73, as saturated liquid at -20°C. Heat is added from a reservoir at 100°C 
until a final condition of 800 kPa, 70°C is reached. Find the work, heat transfer, 
and entropy generation, assuming the process is internally reversible. 

Solution; 


C.V. = NH 3 out to the reservoir. 


Continuity Eq.: 
Energy Eq.5.11: 

Entropy Eq.8.14: 


m 2 = mi = m 

E2 - El = m(u2 - ui) = 1Q2 - 1W2 


S2-Si = /dQ/T+iS2 


gen 


“ lQ2/Tres + lS2,gen 


Process: P = A + BV linear in V => 


1 W 2 = fPdV = y (Pi + P 2 )(V 2 - Vi) = y (Pi + P 2 )m(v 2 - vi) 


State 1; Table B.2.1 
Pi = 190.08 kPa, 

Vi = 0.001504 m^/kg 
ui = 88.76 kJ/kg, 

Si = 0.3657 kJ/kgK 
State 2: Table B.2.2 sup. vapor 




V 2 = 0.199 m^/kg, U 2 = 1438.3 kJ/kg, S 2 = 5.5513 kJ/kg K 


1 W 2 =^(190.08 + 800)1(0.1990 - 0.001504) = 97.768 kJ 


1 Q 2 = m(u 2 - ui) + 1 W 2 = 1(1438.3 - 88.76) + 97.768 = 1447.3 kJ 

1447.3 

lS 2 ^gen = m(S2 " § 1 ) - iQ 2 /Tres = 1(5.5513 - 0.3657) ' ^ 1.307 kJ/K 
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8.74 


A piston/cylinder device keeping a constant pressure has 1 kg water at 20®C and 1 

kg of water at 100”C both at 500 kPa separated by a thin membrane. The 
membrane is broken and the water comes to a uniform state with no external heat 
transfer. Find the final temperature and the entropy generation for the process. 

Solution; 

Continuity Eq.: m 2 - m^ - mg = 0 


Energy Eq.5.11; 
Entropy Eq.8.14: 
Process: 


^2^2 “ -1W2 

^282 - ihaSa - mgSg = j dQ/T + ^ S2 ggn 
P = Constant => 1W2 = I PdV = P(V2 - Vi) 


Q = 0 


Substitute the work term into the energy equation and rearrange to get 


m2U2 + P 2 V 2 = m2h2 = niAUA + mBUB+ PV 1 = mAhA + nighg 


where the last rewrite used PYj = PVa + PVg. 

State Al; Table B.1.4 hA= 84.41 kJ/kg Sa= 0.2965 kJ/kg K 

StateBl; Table B.1.4 hg = 419.32 kJ/kg Sb= 1.3065 kJ/kg K 
Energy equation gives: 

mA niB 1 1 

h2 = —hA+ — hB = 2 84.41 +2 419.32 = 251.865 kJ/kg 

State 2: h 2 = 251.865 kJ/kg & P 2 = 500kPa from Table B.1.4 

T 2 =60.085°C, S2 = 0.83184 kJ/kgK 
With the zero heat transfer we have 


1 §2 gen = 1^282 - niASA - nigSg 

= 2 X 0.83184 - 1 X 0.2965 - 1 x 1.3065 = 0.0607 kJ/K 
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Entropy of a liquid or a solid 


8.75 


A piston cylinder has constant pressure of 2000 kPa with water at 20®C. It is now 

heated up to lOO^C. Find the heat transfer and the entropy change using the steam 
tables. Repeat the calculation using constant heat capacity and incompressibility. 

Solution; 

C.V. Water. Constant pressure heating. 


Energy Eq.5.11; 
Entropy Eq.8.3: 
Process: 


^2 ■ ^1 “ 1O2 “ 1^2 


§2 - Si = 102 / T 


SOURCE 


+ 1^2 


gen 


P = Pl => iW2 = P(v2-Vi) 


The energy equation then gives the heat transfer as 

l02^ U2 - Ui + 1W2 = h2 - hj 

Steam Tables B.1.4; h^ = 85.82 kJ/kg; Si= 0.2962 kJ/kg K 

h2 = 420.45 kJ/kg; S 2 = 1.3053 kJ/kg K 
iq2= h2 - hi= -85.82 + 420.45 = 334.63 kJ/kg 
S2 - si= 1.3053 - 0.2962 = 1.0091 kJ/kg K 
Now using values from Table A.4; Eiquid water Cp = 4.18 kJ/kg K 

h2 - hi = Cp(T2 - Ti) = 4.18 X 80 = 334.4 kJ/kg 

373.15 

S 2 - Si = Cp ln(T 2 /Ti) = 4.18 In 293 ^^ 1.0086 kJ/kg K 
Approximations are very good 
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8.76 


A large slab of concrete, 5 x 8 x 0.3 m, is used as a thermal storage mass in a 
solar-heated house. If the slab cools overnight from 23°C to 18°C in an 18°C 
house, what is the net entropy change associated with this process? 

Solution; 

C.V.: Control mass concrete. 


V = 5 X 8 X 0.3 = 12 m^ 
m = pV = 2200 X 12 = 26 400 kg 


Energy Eq.; m(u 2 - ui) = 1 Q 2 - 1 W 2 


Entropy Eq.: 


in(S 2 - Si) - j ^ 1^2 gen 


+ ,S 



Process: V = constant so 


1W2 =0 


Use heat capacity (Table A.3) for change in u of the slab 
1 Q 2 = mCAT = 26400 x 0.88(-5) = -116 160 kJ 

Eq.8.18 provides the equivalent of total entropy generation; 

T 2 291.2 

= m(s 2 - Si) = mC 26400 x 0.88 In 2 ^^ 2 


AS 


SYST 


= -395.5 kJ/K 


AS 


- 1 Q 2 +116 160 


SURR 


T 


0 


291.2 


= +398.9 kJ/K 


ASnet = -395.5 + 398.9 = +3.4 kJ/K 


Q 

Xq 1^2 gen 


= m(s 2 - Si) 
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8.77 

A 4 L jug of milk at 25°C is placed in your refrigerator where it is cooled down to 
the refrigerators inside constant temperature of 5°C. Assume the milk has the 
property of liquid water and find the entropy generated in the cooling process. 

Solution; 

C.V. Jug of milk. Control mass at constant pressure. 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.5.11; m(u 2 - Ui) = 1 Q 2 - 1 W 2 
Entropy Eq.8.14; m(s 2 - s^) = j dQ/T + ^82 ggn 

State 1; Table B. 1.1; vj = Vf= 0.001003 m^/kg, h = hf= 104.87 kJ/kg; 

Sf= 0.3673 kJ/kgK 

State 2; Table B. 1.1; h = hf= 20.98 kJ/kg, s = Sf= 0.0761 kJ/kg K 
Process; P = constant = 101 kPa => 1 W 2 = niP(v 2 - v^) 

m = V/vi = 0.004 / 0.001003 = 3.988 kg 

Substitute the work into the energy equation and solve for the heat transfer 

1 Q 2 = m(h 2 - hi) = 3.988 (20.98 - 104.87) = -3.988 x 83.89 = -334.55 kJ 

The entropy equation gives the generation as 

1 S 2 gen = ni(S 2 “ Si) - iQ 2 /Trefrig 

= 3.988 (0.0761 - 0.3673) - (-334.55 / 278.15) 

= - 1.1613 + 1.2028 = 0.0415 kJ/K 



MILK 



5”C 

AIR 


0 


0 
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8.78 

A foundry form box with 25 kg of 200°C hot sand is dumped into a bucket with 
50 L water at 15°C. Assuming no heat transfer with the surroundings and no 
boiling away of liquid water, calculate the net entropy change for the process. 

Solution; 

C.V. Sand and water, constant pressure process 

™sand(^2 ' l^l)sand + I^H2o(^2 ' ^ -^(^2 " Vj) 

^ ’^sand^hganji + m^pAh^^Q = 0 

For this problem we could also have said that the work is nearly zero as the 
solid sand and the liquid water will not change volume to any measurable 
extent. Now we get changes in u's instead of h's. For these phases Cy = Cp = 

C which is a consequence of the incompressibility. Now the energy equation 
becomes 


I^sandCAT^and + niH2oCH20^TH^o “ 0 


-3 


25 X 0.8 x(T2 - 200) + (50x10-^0.001001) x 4.184 x (T 2 - 15) = 0 

T2 = 31.2°C 


/ 


AS = 25 X 0.8 In 


V 


304.3 

473.15 




+ 49.95 X 4.184 In 




\ 


304.3 
288.15 


= 2.57 kJ/K 


/ 


Box holds the sand for 
form of the cast part 
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8.79 

A 5-kg steel eontainer is eured at 500°C. An amount of liquid water at 15”C, 100 
kPa is added to the eontainer so a final uniform temperature of the steel and the 

water beeomes 75°C. Neglect any water that might evaporate during the process 
and any air in the container. How much water should be added and how much 
entropy was generated? 

Heat steel 

m(u 2 - ui) = 1 Q 2 = mC (T 2 + T 4 ) 

1 Q 2 = 5(0.46)(500-20) = 1104 kJ 

“ 1 H 2 o( U3'1^2)h 20 + “lst( U 3 -U 2 ) = 0 

mH2o( 313.87 - 62.98) + m,tC ( T 3 -T 2 ) = 0 


mH 20 250.89 + 5 x 0.46 x (75 - 500) = 0 
mH 2 o = 977.5/250.89 = 3.896 kg 

mH 20 ( S 3 -S 2 ) + mst( S 3 - S 2 ) = 0 + 2 S 3 gen 

75+273 

3.986 (1.0154 - 0.2245) + 5 x 0.46 In = 2 S 3 ggn 

2 S 3 gen = 3.0813 - 1.8356 = 1.246 kJ/K 















Sonntag, Borgnakke and van Wylen 


A pan in an autoshop contains 5 L of engine oil at 20”C, 100 kPa. Now 2 L of hot 

lOO^C oil is mixed into the pan. Negleet any work term and find the final 
temperature and the entropy generation. 

Solution; 

Sinee we have no information about the oil density, we assume the same for 
both from Table A.4: p = 885 kg/m^ 

Energy Eq.; m 2 U 2 - m^u^ - mgUg = 0 - 0 

Au = CyAT so same Cy = 1.9 kJ/kg K for all oil states. 

mA mg 5 2 

T 2 =-T A +-Tg = X 20 + X 100 = 42.868°C = 316.02 K 

^ m 2 ^ m 2 ^7 7 

§2 - S 1 = m2S2 - m^SA - mgsg = mA(s2 - Sa) + mg(s2 - Sg) 

= 0.005 X 885 X 1.9 In 293 ^ 0-002 x 885 x 1.9 In 3 ^ 3 ^ 

= 0.6316 - 0.5588 = + 0.0728 kJ/K 


Oils shown before 
mixed to final 
uniform state. 
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8.81 

Find the total work the heat engine ean give out as it receives energy from the 
rock bed as described in Problem 7.61 (see Fig.P 8.81). Flint: write the entropy 
balance equation for the control volume that is the combination of the rock bed 
and the heat engine. 

Solution: 

To get the work we must integrate over the process or do the law for a 
control volume around the whole setup out to Tg 

C.V. Heat engine plus rock bed out to Tg. W and Ql goes out. 



Energy Eq.5.11: 
Entropy Eq.8.3: 


(U2-Ui)rock = -QL-W 

Ql T2 

(S2 - Tg ~ ^ 

= 5500 X 0.89 


-1574.15 kJ/K 


Ql = -Tg (S 2 - SQrock = -290 (-1574.15) = 456 504 kJ 
The energy drop of the rock -(El 2 - ElQj.ock equals Qh into heat engine 


(U2-Ui)rock = mC (T 2 -T 1 ) = 5500 xO.89 (290 - 400) = -538 450 kJ 


W = -(U 2 - UQrock - Ql = 538450 - 456504 = 81 946 kJ 
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8.82 

Two kg of liquid lead initially at 500°C are poured into a form. It then cools at 
constant pressure down to room temperature of 20°C as heat is transferred to the 
room. The melting point of lead is 327°C and the enthalpy change between the 
phases, is 24.6 kJ/kg. The specific heats are in Tables A.3 and A.4. Calculate 

the net entropy change for this process. 

Solution; 

C.V. Lead, constant pressure process 

n^Pb(u 2 ■ Ul)pb = 1 Q 2 ■ P(V 2 - V 1 ) 

We need to find changes in enthalpy (u + Pv) for each phase separately and 
then add the enthalpy change for the phase change. 

Consider the process in several steps: 

Cooling liquid to the melting temperature 

Solidification of the liquid to solid 

Cooling of the solid to the final temperature 

1 Q 2 = nipb(h 2 - hi) = mpi,(h 2 - h327^sol" ^if + h327,f" ^ 500 ) 

= 2 X (0.138 X (20 - 327) - 24.6 + 0.155 x (327 - 500)) 

= -84.732 - 49.2 - 53.63 = -187.56 kJ 

AScv = mpb[Cp soiln(T2/600) - (hif/600) + Cp iiqln(600/Ti)] 

= 2 X [0.138 In + 0.155 In ^5 ] =-0.358 kJ/K 

ASsur = - 1 Q 2 /T 0 = 187.56/293.15 = 0.64 kJ/K 
The net entropy change from Eq.8.18 is equivalent to total entropy generation 
ASnet = AScv + ASsur = 0.282 kJ/K 
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8.83 


A 12 kg steel container has 0.2 kg superheated water vapor at 1000 kPa, both at 

200®C. The total mass is now cooled to ambient temperature 30”C. How much 
heat transfer was taken out and what is the total entropy generation? 

Solution; 

C.V.: Steel and the water, control mass of constant volume. 

Energty Eq.5.11: U 2 - Eii = 1 Q 2 - 1 W 2 


Process: 

V = constant => 

lW 2 = 0 

State 1; 

H 2 O Table B. 1.3: 

ui = 2621.9 kJ/kg, v^ = 0.20596 m^/kg, 
Sj = 6.6939 kJ/kg K 

State 2: 

H 2 O; T 2 , V 2 = Vi 

=> from Table B. 1.1 


V - Vf 0.20596 

-0.001004 _ 


^2 Vfg 32.8922 0.006231 


U 2 = 125.77 + X 2 X 2290.81 = 140.04 kJ/kg 
S 2 = 0.4369 + X 2 X 8.0164 = 0.48685 kJ/kg K 


1Q2 - m(u2 - u-i) - nistggiCstegi (T2 - ) + mH20 (^2 " ^i) h20 


= 12 X 0.42 (30 - 200) + 0.2 (140.04 -262.19) 

= -1353.2 kJ 


Entropy generation from Eq.8.18 

1 Q 2 


1^2 gsn -^2 §2 


amb 


T2 

“ nisteelCsteel ) + 111^20 (^ 2 ' Si)h 20 



303 15 -1353 2 

=12 X 0.42 In () + 0.2(0.48685 - 6.6939) - ( 3^3 ) 

= -2.2437- 1.2414 + 4.4638 

= 0.9787 kJ/K 
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8.84 

A 5 kg aluminum radiator holds 2 kg of liquid R-134a both at -10°C. The setup is 

brought indoors and heated with 220 kJ from a heat souree at 100”C. Find the 
total entropy generation for the process assuming the R-134a remains a liquid. 

Solution; 

C.V. The aluminum radiator and the R-134a. 

Energy Eq.5.11; m 2 U 2 - m^ui = 1 Q 2 - 0 

Process; No change in volume so no work as used above. 

The energy equation now becomes (summing over the mass) 

n^al (^2 - Ui)al + niR134a (^2 " Ui)Ri34a = 1Q2 
Use specific heat from Table A.3 and A.4 

™alCal (T2 - Ti) + mRi34aCRi34a In (T2 - Tj) = 1Q2 
T 2 - Ti = 1 Q 2 / [nialCai + mRi34jjCRi34a ] 


= 220 / [5 X 0.9 + 2 X 1.43] = 29.89°C 
T 2 = -10 +29.89 = 19.89'’C 
Entropy generation from Eq.8.18 

lS 2 gen = m(S2-Si)- 1Q2/T 

= nialCal In (T 2 /T 1 ) + mRi34aCRi34a In (T 2 /T 1 ) 



= (5 X 0.9 + 2 X 1.43) 



(19.89 + 273.15) 
-10 + 273.15 


220 

373.15 


= 0.7918-0.5896 

= 0.202 kJ/K 




100 °c 
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8.85 

A piston/cyUnder of total 1 kg steel contains 0.5 kg ammonia at 1600 kPa both 

masses at 120°C. Some stops are placed so a minimum volume is 0.02 m'^, shown 

in Fig. P8.85. Now the whole system is cooled down to 30°C by heat transfer to 

the ambient at 20®C, and during the process the steel keeps same temperature as 
the ammonia. Find the work, the heat transfer and the total entropy generation in 
the process. 


1: Vi = 0.11265 m^/kg, u^ = 1516.6 kJ/kg, s^ = 5.5018 kJ/kg K 
Vj = mvj = 0.05634 m^ 


Stop la: VgtQp = V/m = 0.02/0.5 = 0.04 m^/kg 

Pgtop = Pi ^ T ~ 42®C (saturated) 



30°C < T 


stop 


so V 2 = Vstop = 0.04 m^/kg 


A2-Vf' 


X2 


^fg 


0.04-0.00168 

0.10881 


= 0.35217 


V 'ig y 

U2 = 320.46 + X2 X 1016.9 = 678.58 kJ/kg 
S2 = 1.2005 + X2 X 3.7734 = 2.5294 kJ/kg K 


lW 2 =jPdV = Pim(v 2 -vi)= 1600 x 0.5 (0.004 - 0.11268) = -58.14 kJ 



= m (U 2 - ui) + mst(u 2 - ui) + 1 W 2 


= 0.5( 678.58 - 1516.6 ) + 1x0.46(30 - 120) - 58.14 
= -419.01 -41.4-58.14 = -518.55 kJ 


1S2 gen= m(S 2 - Si) + m^t (S 2 - Si) - iQ 2 /Tamb 

273+30 

= 0.5 (2.5294 - 5.5018) + 1x0.46 In 273+120 

= - 1.4862-0.1196+ 1.6277 

= 0.02186 kJ/K 


-518.5 

293.15 
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8.86 


A hollow steel sphere with a 0.5-m inside diameter and a 2-mm thiek wall contains 
water at 2 MPa, 250°C. The system (steel plus water) cools to the ambient 
temperature, 30°C. Calculate the net entropy change of the system and 
surroundings for this process. 

C.V.; Steel + water. This is a control mass. 

Energy Eq.: U 2 - Ui = 1 Q 2 - 1 W 2 = mH 2 o(u 2 - + msteel(u2 “ ^i) 


Process: V = constant => 1 W 2 = 0 


msteel = (pV)steel = 8050 x (7r/6)[(0.504)3 - (O.S)^] = 12.746 kg 


-2 


Vh2o = (7t/ 6)(0.5)-’, mH20 = V/v = 6.545x10-^/0.11144 = 0.587 kg 


V 2 = vi = 0.11144 = 0.001004+ X 2 X 32.889 => X 2 = 3.358x10 


-3 


-3 


U 2 = 125.78 + 3.358xl0--^ x 2290.8 = 133.5 kJ/kg 


-3 


S 2 = 0.4639 + 3.358x10--^ x 8.0164 = 0.4638 kJ/kg K 

1 Q 2 = mH 2 o(u 2 - ui) + msteei(u 2 - ui) 

= 0.587(133.5 -2679.6)+ 12.746 x 0.48(30 -250) 

= -1494.6+ (-1346) =-2840.6 kJ 
AStot = ASsteel + ASh 20 = 12.746 x 0.48 In (303.15 / 523.15) 

+ 0.587(0.4638 - 6.545) = -6.908 kJ/K 
^SsuRR = - 1 Q 2 /T 0 = +2840.6/303.2 = +9.370 kJ/K 

ASnet = -6.908 + 9.370 = +2.462 kJ/K 
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Entropy of ideal gases 
8.87 

A mass of 1 kg of air contained in a cylinder at 1.5 MPa, 1000 K, expands in a 
reversible isothermal process to a volume 10 times larger. Calculate the heat 
transfer during the process and the change of entropy of the air. 

Solution; 

C.V. Air, control mass. 

Energy Eq. 5.11: m(u 2 - u^) = 1 Q 2 - 1 W 2 = 0 

Process: T = constant so with ideal gas => U 2 = u^ 



V s 


Prom the process equation and ideal gas law 

PV = mRT = constant 
we can calculate the work term as in Eq.4.5 

1 Q 2 = 1 W 2 = /PdV = PiVi In (V 2 A/ 1 ) = mRTi In (V 2 A/ 1 ) 

= 1 X 0.287 X 1000 In (10) = 660.84 kJ 
The change of entropy from Eq.8.3 is 

ASair = m(s2 - si) = 1 Q 2 /T = 660.84/1000 = 0.661 kJ/K 


If instead we use Eq.8.26 we would get 


T 


2 


V2 


ASair = m(s2 - Si) = m(Cvo In ^ + R In — ) 


1 


vi 


= 1 [ 0 + 0.287 In(lO) ] = 0.661 kJ/K 


consistent with the above result. 
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8.88 

A piston/cylinder setup contains air at 100 kPa, 400 K which is compressed to a 
final pressure of 1000 kPa. Consider two different processes (i) a reversible 
adiabatic process and (ii) a reversible isothermal process. Show both processes in 
P-v and a T-s diagram. Find the final temperature and the specific work for both 
processes. 

Solution: 

C.V. Air, control mass of unknown size and mass. 


Energy Eq.5.11: U 2 - ui = iq 2 - 1 W 2 

Entropy Eq.8.14: §2 - = j dq/T + 1 S 2 gen 

Process: Reversible 1 S 2 gen = 0 

i) dq = 0 so 1^2 = 0 

ii) T = C so jdq/T=iq 2 /T 

i) Eor this process the entropy equation reduces to: 

S 2 - Si = 0 + 0 so we have constant s, an isentropic process. 


The relation for an ideal gas, constant s and k becomes Eq.8.32 


k-1 0.4 

-T n 0003 77 0.28575 

T 2 = Ti( P 2 / Pi) ^ = 400 = 400 X 10 = 772 K 

Prom the energy equation we get the work term 

1 W 2 = ui - U2 = Cv(Ti - T 2 ) = 0.717(400 - 772) = -266.7 kJ/kg 


ii) Eor this process T 2 = Ti so since ideal gas we get 


U 2 = ui also s.j ,2 ^ s 


T1 


=> 


Energy Eq.: 1 W 2 = iq 2 


Now from the entropy equation we solve for iq 2 

00 P2 

1W2 = iq 2 = T(S2 - Si) = T[s^2 “ 

= - 0.287 X 400 In 10 = -264 kJ/kg 


= -RT In 
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8.89 

Consider a Carnot-cycle heat pump having 1 kg of nitrogen gas in a 
cylinder/piston arrangement. This heat pump operates between reservoirs at 300 
K and 400 K. At the beginning of the low-temperature heat addition, the pressure 
is 1 MPa. During this proeess the volume triples. Analyze eaeh of the four 
proeesses in the cycle and determine 

a. The pressure, volume, and temperature at each point 

b. The work and heat transfer for each process 
Solution: 



Ti = T 2 = 300 K, T 3 = T 4 = 400 K, 

Pi = 1 MPa, V 2 = 3 X Vi 

a) P 2 V 2 = PiVi => P 2 = P 1/3 = 0.3333 MPa 



mRTi 


1 X 0.2968 X 300 
1000 


= 0.08904 


V 2 = 0.26712 



k-l _ 


P 3 = P 2 (T 3 /T 2 r^ = 0.3333 


fdOO" 
v300y 


3.5 


= 0.9123 MPa 


P 2 T 3 0.3333 400 

“ X 7 ^= 0.26712 X TTTrrTTT x t:^= 0.1302 m 

3 ^2 


V 3 V2 X .. Q.9\13 '' 300 


P 4 = Pi(T 3 /Ti)k-l = 1 


Pi T 


f400 

UoOy 


3.5 


= 2.73707 MPa 


1 


400 


V 4 Vi X X 0.08904 X 2 y 3 y X 3 QQ 


= 0.04337 m 


3 


3 


1 W 2 - 1 Q 2 - mRTi ln(Pi/P 2 ) 

= 1 X 0.2968 X 300 ln(l/0.333) = 97.82 kJ 

3 W 4 = 3 Q 4 = mRT 3 ln(P 3 /P 4 ) 

= 1 X 0.2968 X 400 ln(0.9123/2.737) = -130.43 kJ 
2 W 3 = -mCvo(T 3 - T 2 ) = -1 X 0.7448(400 - 300) = -74.48 kJ 

4 W 1 = -mCvo(Ti - T 4 ) = -1 X 0.7448(300 - 400) = +74.48 kJ 

2Q3 = 0. 4Q1 = 0 
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8.90 


Consider a small air pistol with a cylinder volume of 1 cm^ at 250 kPa, 27°C. The 
bullet acts as a piston initially held by a trigger. The bullet is released so the air 
expands in an adiabatic process. If the pressure should be 100 kPa as the bullet 
leaves the cylinder find the final volume and the work done by the air. 

Solution: 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq.5.11: U 2 - u^ = 0 - 1 W 2 ; 

Entropy Eq.8.14: §2 - = 1 dq/T + jS 2 ggn = 0 

State 1: (Ti,Pi) State 2: (P 2 , ?) 

So we realize that one piece of information is needed to get state 2. 

Process: Adiabatic iq 2 = 0 Reversible 1 S 2 gen = 0 

With these two terms zero we have a zero for the entropy change. So this is a 

constant s (isentropic) expansion process giving S 2 = s^. Prom Eq.8.32 


k-1 

T2 = Ti(P2/Pi)'" =300 


rioo 

250 


V 


0.4 

77 0.28575 

^•^ = 300 x 0.4 = 230.9 K 


7 


The ideal gas law PV = mRT at both states leads to 


V 2 = Vi Pi T 2 /P 2 Ti = 1 X 250 X 230.9/100 x 300 = 1.92 cm' 


The work term is from Eq.8.38 or Eq.4.4 with polytropic exponent n = k 
1^2 = (P 2 V 2 - PiVi) = YTTi (100 X 1.92 - 250 x 1) xlO'^ 


= 0.145 J 
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8.91 


Oxygen gas in a piston cylinder at 300 K, 100 kPa with volume 0.1 m is 
compressed in a reversible adiabatic process to a final temperature of 700 K. Find 
the final pressure and volume using Table A.5. 

Solution; 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq.5.11: U 2 - u^ = 0 - 1 W 2 ; 

Entropy Eq.8.14: §2 - s^ = j dq/T + 1 S 2 ggn = 0 

Process: Adiabatic iq 2 = 0 Reversible 1 S 2 gen = 0 

Properties: Table A.5: k= 1.393 

With these two terms zero we have a zero for the entropy change. So this is a 
constant s (isentropic) expansion process. Prom Eq.8.32 

k 

P 2 = Pi( T 2 / = 2015 kPa 


Using the ideal gas law to eliminate P from this equation leads to Eq.8.33 


1 


A 


V2 = Vi(T2/Ti)^-’"=0.1x 


noo 

v300y 


1 


1-1.393 ^ 0.0116 
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8.92 


Oxygen gas in a piston cylinder at 300 K, 100 kPa with volume 0.1 m is 
compressed in a reversible adiabatic process to a final temperature of 700 K. Find 
the final pressure and volume using constant heat capacity from Table A. 8 . 

Solution; 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq.5.11: U 2 - u^ = 0 - 1 W 2 ; 

Entropy Eq.8.14: §2 - s^ = j dq/T + 1 S 2 ggn = 0 

Process: Adiabatic iq 2 = 0 Reversible 1 S 2 gen = 0 

With these two terms zero we have a zero for the entropy change. So this is a 
constant s (isentropic) expansion process. Prom Eq.8.28 



Properties: 


Table A. 8 : 


s^i = 6.4168, St 2 = 7.2336 kJ/kg K 


P 2 o o „ 7.2336-6.4168 

^ = exp [(st 2 - Sti)/R] = exp( 0 2593 ) = 23.1955 


Ideal gas law: 


P 2 = 100 X 23.1955 = 2320 kPa 
PlVi=mRTj and P 2 V 2 = mRT 2 


Take the ratio of these so mR drops out to give 

700 100 

V2 = Vix(T2/Ti)x(Pi/P2) = 0.1x(^)x(^) 


= 0.01 
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8.93 


A handheld pump for a bicycle has a volume of 25 cm when fully extended. You 
now press the plunger (piston) in while holding your thumb over the exit hole so that 
an air pressure of 300 kPa is obtained. The outside atmosphere is at Pg, Tg. Consider 

two cases: (1) it is done quickly (~1 s), and (2) it is done very slowly (~1 h). 

a. State assumptions about the process for each case. 

b. Find the final volume and temperature for both cases. 

Solution: 

C.V. Air in pump. Assume that both cases result in a reversible process. 


State 1: Pg, Tq 


State 2: 300 kPa, ? 


One piece of information must resolve the ? for a state 2 property. 
Case I) Quickly means no time for heat transfer 

Q = 0, so a reversible adiabatic compression. 

U2 - Ui = -1W2 ; S2 - Si = I dq/T + 1S2 gen = 0 

With constant s and constant heat capacity we use Eq.8.32 


k-1 

T2 = Ti(P2/Pi)'" =298 


X 0-4 
300 ] Ta 

IOI.325J 


= 405.3 K 


Use ideal gas law PV = mRT at both states so ratio gives 

=> V2 = PiViT2/TiP2 = 11.48 cm^ 


Case II) Slowly, time for heat transfer so T = constant = Tg. 
The process is then a reversible isothermal compression. 


T2 = Tg = 298 K 


=> 


V 2 = V 1 P 1 /P 2 = 8.44 cm 
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8.94 

An insulated cylinder/piston contains carbon dioxide gas at 120 kPa, 400 K. The 
gas is compressed to 2.5 MPa in a reversible adiabatic process. Calculate the final 
temperature and the work per unit mass, assuming 

a. Variable specific heat, Table A.8 

b. Constant specific heat, value from Table A.5 

c. Constant specific heat, value at an intermediate temperature from Table A.6 

Solution; 

C.V. Air, a control mass undergoing a reversible, adiabatic process. 

Energy Eq.5.11: U 2 - u^ = 0 - 1 W 2 ; 

Entropy Eq.8.14: S 2 - = j dq/T + 1 S 2 gen = 0 

Process: Adiabatic iq 2 = 0 Reversible iS2gen^0 

State 1: (400 K, 120 kPa) State 2: (2500 kPa, ?) 

With two terms zero in the entropy equation we have a zero for the entropy 
change. So this is a constant s (isentropic) expansion process, S 2 = s^. 


a) Table A.8 for CO 2 and Eq.8.28 


S2 - Si = 0 = s^2 - Sji - R ln(P2/Pi) 

s °2 = s°j + Rln(P 2 /Pi) = 5.1196 + 0.1889 ln(2500/120) = 5.6932 
Now interpolate in A.8 to find T 2 


T 2 = 650 + 50 (5.6932 - 5.6151)/(5.6976 - 5.6151) = 697.3 K 
1 W 2 = -(u2 - ui) = -(481.5 - 228.19) = -253.3 kJ/kg 


b) Table A.5: k= 1.289, Cyo = 0.653 kJ/kg K and now Eq.8.32 



rP2' 

k-i 

f2.5 3 


k =400 

l0.12j 


0.224 


= 789.7 K 


1 W 2 = -Cvo(T2-Ti) = -0.653 (789.7 - 400) = -254.5 kJ/kg 


c) find a heat capacity at an average temperature from Table A.6. 
Estimate T 2 ~ 700 K giving T^yg ~ 550 K => 0 = 0.55 

Cpo = 0.45 + 1.67 xO.55 - 1.27 xO.552 + 0.39 xO.55^ = 1.049 kJ/kg K 
Cvo = Cpo-R = 1.049-0.1889 = 0.8601, k = Cp^/Cy^ = 1.2196 


Eq.8.32: 




k-1 

(2.5^ 


k =400 

IO.I 2 J 


0.18006 


= 691 K 


1 W 2 = -Cyo(T2-Ti) = -0.8601 (691 - 400) = -250.3 kJ/kg 
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8.95 


A piston/cylinder, shown in Fig. P8.95, contains air at 1380 K, 15 MPa, with Vj 

10 cm^, A^,yi = 5 cm2, piston is released, and just before the piston exits the 

end of the eylinder the pressure inside is 200 kPa. If the cylinder is insulated, 
what is its length? How mueh work is done by the air inside? 

Solution; 

C.V. Air, Cylinder is insulated so adiabatie, Q = 0. 

Continuity Eq.: m 2 = = m. 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 = - 1 W 2 


Entropy Eq.8.14: m(s 2 - s^) = 1 dQ/T + ^82 gen ^ 0 + 1^2 


gen 


State 1: (Ti,Pi) 


State 2: (P 2 , ?) 


So one pieee of information is needed for the ?, assume reversible proeess. 


1 ^2 gen 


= 0 => S 2 - Sj = 0 


o 


State 1; Table A.7: u^ = 1095.2 kJ/kg, Sjj = 8.5115 kJ/kg K 


m = PiVi/RTi = 


15000 X lOxlQ-^ 
0.287 X 1380 


= 0.000379 kg 


State 2: P 2 and from Entropy eq.: S 2 = so from Eq.8.28 


O 


St2 S 


° P 2 200 

+ R In ^ = 8.5115 + 0.287 = 7.2724 kJ/kg K 


Now interpolate in Table A.7 to get T 2 

T 2 = 440 + 20 (7.2724 - 7.25607)/(7.30142 - 7.25607) = 447.2 K 
U 2 = 315.64 + (330.31 - 315.64) 0.36 = 320.92 kJ/kg 


V2 = V 


T 2 P 1 10 x 447.2 x 15000 


1 TiP 


H2 


1380 X 200 


= 243 cm^ 


E 2 = V 2 /Acyl = 243/5 = 48.6 cm 


1 W 2 = ui - U 2 = 774.3 kJ/kg, 


1 


W 2 = miW 2 = 0.2935 kJ 
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8.96 

Two rigid tanks, shown in Fig. P8.96, each contain 10 kg N 2 gas at 1000 K, 500 

kPa. They are now thermally connected to a reversible heat pump, which heats 
one and cools the other with no heat transfer to the surroundings. When one tank 
is heated to 1500 K the process stops. Find the final {P, T) in both tanks and the 
work input to the heat pump, assuming constant heat capacities. 

Solution; 

Control volume of hot tank B, 

Process = constant volume & mass so no work 
Energy equation Eq.5.11 and specific heat in Eq.5.20 gives 

U 2 - Ui ^ mC^(T 2 - Ti) = 1 Q 2 = 10 X 0.7448 x 500 = 3724 kJ 

P 2 = PiT 2 /Ti = 1.5(Pi) = 750kPa 



State: 1 = initial, 

2 = final hot 

3 = final cold 


To fix temperature in cold tank, C.V.: total 

Eor this CV only Wjjp cross the control surface no heat transfer. The entropy 
equation Eq.8.14 for a reversible process becomes 

(S 2 - Si)tot = 0 = mhot(s 2 - si) + mcoid(s3 - Si) 

Use specific heats to evaluate the changes in s from Eq.8.25 and division by m 

Cp.h„, ln(T 2 / T,) - R ln(P 2 / Pp) + Cp.^ijlnCTj / T;) - R ln(P 3 / P;) = 0 

P^^P^T^/T]^ and 

Now everything is in terms of T and Cp = Cy + R, so 

Cv,hotln(T2/Ti) + C,,,„idln(T3/Ti) = 0 

same C^; T 3 = Ti(Ti/T 2 ) = 667 K, P 3 = 333 kPa 
Qcold ^ ■ 1Q3 ^ inCy(T 3 - Tj) = -2480 kJ, 

Wrp = 1Q2 + Qcold = 1Q2 ■ 1Q3 = 1244 kJ 
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8.97 


A spring loaded piston cylinder contains 1.5 kg air at 27®C and 160 kPa. It is now 
heated in a process where pressure is linear in volume, P = A + BV, to twice the 
initial volume where it reaches 900 K. Find the work, the heat transfer and the 
total entropy generation assuming a source at 900 K. 

Solution; 

C.V. Air out to the 900 K source. Since air T is lower than the source 
temperature we know that this is an irreversible process. 

Continuity Eq.: m 2 = m^ = m. 


Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 


Entropy Eq.8.14: 

Process: 

State 1: (Ti,Pi) 


ni(S 2 - Si) = 1 dQ/T + 1 S 2 gen = 1Q2/TSOURCE + 1S2 gen 

P = A + BV 

Table A.7 u^ = 214.36 kJ/kg 


Vi = mRIj/ Pi = (1.5 X 0.287 x300) / 160 = 0.8072 m^ 
State 2: (T 2 , V 2 = 2 vi) Table A.7 U 2 = 674.824 kJ/kg 



= RT2/ V 2 = RT2/2V1 = T2 Pi/ 2 Ti= Pi T2/2 Ti 


= 160 X 900 / 2 X 300 = 240 kPa 
From the process equation we can express the work as 

1W 2 = 1 PdV = 0.5 X (Pi + P 2 ) (V 2 - Vi) = 0.5 X (Pi + P 2 ) Vi 


= 0.5 X (160 + 240) 0.8072 = 161.4 kJ 
iQ2= 1.5 X (674.824-214.36)+ 161.4 = 852.1 kJ 

Change in s from Eq.8.28 and Table A.7 values 

P2 

1S2 gen = m(Sj 2 - Sji - R In ^ ) - 1Q2/TSOURCE 

= 1.5 X [8.0158 - 6.8693 - 0.287 In 
= 1.545-0.947 = 0.598 kJ/K 
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8.98 


A rigid storage tank of 1.5 contains 1 kg argon at 30°C. Heat is then 
transferred to the argon from a furnace operating at 1300°C until the specific 
entropy of the argon has increased by 0.343 kJ/kg K. Find the total heat transfer 
and the entropy generated in the process. 

Solution; 

C.V. Argon out to 1300°C. Control mass. , m = 1 kg 
Argon is an ideal gas with constant heat capacity. 

Energy Eq.5.11; m (u 2 - ui ) = m Cy (T 2 - Ti) = 1 Q 2 - 1 W 2 


Entropy Eq.8.14; 


^(^2 ^ 1 ) lQ2'^"^res 1^2 gen tot 


Process; V = constant => V 2 = also 1 W 2 = 0 
Properties; Table A.5 R = 0.20813, Cy = 0.312 kJ/kg K 


State 1; (Ti,vi=V/m) 


Pi = mRTiA/ = 42.063 kPa 


State 2; S 2 = Si + 0.343, and change in s from Eq.8.28 or Eq.8.26 

S 2 -Si=Cp ln(T 2 /Ti)-Rln(T 2 /Ti) = Cy ln(T 2 /Ti) 

S2 - Si 0.343 

T 2 / Ti = exp[~^— ] = exp[^^Y^] = exp( 1.09936) = 3.0 


Pv = RT => 


(P2/Pi)(V2/Vi) = T2/Ti=P2/Pi 


T 2 = 3.0 X Ti = 909.45 K, P 2 = 3.0 x Pi = 126.189 kPa 


Ap At v=c 



V S 


Heat transfer from energy equation 

1 Q 2 = 1 X 0.312 (909.45 - 303.15) = 189.2 kJ 
Entropy generation from entropy equation (2nd law) 

1^2 gen tot ~ ^^(S 2 ~ Si) — lQ 2 /Tres 

= 1 X 0.343 - 189.2 / (1300 + 273) = 0.223 kJ/K 



Sonntag, Borgnakke and van Wylen 


8.99 

A rigid tank contains 2 kg of air at 200 kPa and ambient temperature, 20°C. An 
electric current now passes through a resistor inside the tank. After a total of 100 
kJ of electrical work has crossed the boundary, the air temperature inside is 80°C. 
Is this possible? 

Solution; 

C.V.: Air in tank out to ambient; 

Energy Eq.5.11; m(u 2 - u^) = 1 Q 2 - 1 W 2 , iW 2 = -100kJ 

Entropy Eq.8.14, 8.18; m(s 2 - Si) = 1 dQ/T + ^82 ge„ = iQ 2 /Tamb + 1 S 2 gen 
Process; Constant volume and mass so V 2 = v^ 

State 1: T 1 = 20°C, = 200 kPa, m^ = 2 kg 

State 2; T 2 = 80°C, V 2 = v^ 

Ideal gas. Table A.5; R = 0.287 kJ/kg-K, = 0.717 kJ/kg-K 
Assume eonstant specific heat then energy equation gives 

1 Q 2 = mCy(T 2 - Ti) + 1 W 2 = 2 X 0.717(80 - 20) - 100 = -14.0 kJ 
Change in s from Eq.8.26 (since second term drops out) 

S 2 -S 1 =Cvln(T 2 /Ti) + Rln;^ ; V 2 = vi, ln ;^=0 

S 2 - Si = Cyln (T 2 /T 1 ) = 0.1336 kJ/kg-K 
Now Eq.8.18 or from Eq.8.14 

14 

1^2 gen ^ ^^(^2 “ ^i) - 1 Q^/T ^rn h = 2 X 0.1336 + = 0.315 kJ/K > 0, 


Process is Possible 

T 

Note; P 2 = Pi inEq.8.28 
same answer as Eq.8.26. 



T2 P2 

s 1 = Cr, In;^^ - R In ^ , results in the 

P ll Pi 






















Sonntag, Borgnakke and van Wylen 


8.100 

Argon in a light bulb is at 90 kPa and heated from 20”C to 60”C with eleetrical 
power. Do not consider any radiation, nor the glass mass. Find the total entropy 
generation per unit mass of argon. 

Solution; 

C.V. Argon gas. Neglect any heat transfer. 

Energy Eq.5.11: m(u 2 - ui) = 1 W 2 electrical in 

Entropy Eq.8.14: S 2 - Si = j dq/T + 1 S 2 gen = 1 S 2 gen 

Process: v = constant and ideal gas => P 2 / Pi = T 2 /T 1 

Evaluate changes in s from Eq.8.26 or 8.28 

1 S 2 gen = S2 - Si = Cp In (T 2 /T 1 ) - R In (P 2 / Pi) Eq.8.28 

= Cp In (T 2 /T 1 ) - R In (T 2 / T 1 ) = Cy ln(T 2 /T 1 ) Eq.8.26 

= 0.312 In [ (60 + 273)/(20 + 273) ] = 0.04 kJ/kg K 



Since there was no heat transfer but work input ah the change in s is 
generated by the process (irreversible conversion of W to internal energy) 
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8.101 

We wish to obtain a supply of cold helium gas by applying the following 
technique. Helium contained in a cylinder at ambient conditions, 100 kPa, 20°C, 
is compressed in a reversible isothermal process to 600 kPa, after which the gas is 
expanded back to 100 kPa in a reversible adiabatic process. 

a. Show the process on a T-s diagram. 

b. Calculate the final temperature and the net work per kilogram of helium. 


Solution; 





b) The adiabatic reversible expansion gives constant s from the entropy equation 
Eq.8.14. With ideal gas and constant specific heat this gives relation in 
Eq.8.32 

k-1 

T 3 = T 2 (P 3 /P 2 ) k = 293.15 (100/600)° '^ = 143.15 K 

The net work is summed up over the two processes. The isothermal process 
has work as Eq.8.41 

1 W 2 = -RTi ln(P 2 /Pi) = -2.0771 x 293.15 x ln(600/100) = -1091.0 kJ/kg 

The adiabatic process has a work term from energy equation with no q 

2 W 3 = Cvo(T 2 -T 3 ) = 3.116 (293.15 - 143.15) =+467.4 kJ/kg 

The net work is the sum 


Wnet = -1091.0 + 467.4 = -623.6 kJ/kg 
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8.102 

A 1-m insulated, rigid tank contains air at 800 kPa, 25°C. A valve on the tank is 
opened, and the pressure inside quickly drops to 150 kPa, at which point the valve 
is closed. Assuming that the air remaining inside has undergone a reversible 
adiabatic expansion, calculate the mass withdrawn during the process. 

Solution; 

C.V.: Air remaining inside tank, m 2 . 

Cont.Eq.: m 2 = m ; 

Energy Eq.5.11: m(u 2 - Ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14; m(s 2 - s^) = j dQ/T + ^82 gen 

Process: adiabatic iQ 2 = 0 and reversible iS 2 gen = 0 



V s 


Entropy eq. then gives S 2 = and ideal gas gives the relation in Eq.8.32 

k-1 

T 2 = Ti(P2/Pi) k = 298.2(150/800)^-286 = 184.8 K 
mi = Pi V/RTi = (800 x l)/(0.287 x 298.2) = 9.35 kg 
m 2 = P 2 V/RT 2 = (150 X l)/(0.287 X 184.8) = 2.83 kg 
mg = mi - m 2 = 6.52 kg 
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8.103 

Nitrogen at 200”C, 300 kPa is in a piston cylinder, volume 5 L, with the piston 
locked with a pin. The forces on the piston require a pressure inside of 200 kPa to 
balance it without the pin. The pin is removed and the piston quickly comes to its 
equilibrium position without any heat transfer. Find the final P, T and V and the 
entropy generation due to this partly unrestrained expansion. 

Solution: 


C.V. Nitrogen gas. 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 = -1 Pea dV =-P 2 (V 2 - Vi) 


Entropy Eq.8.14: 


m(s2-si) = 0 + 1 S 2 


gen 


Process: 1 Q 2 = 0 (already used), P = Pgq after pin is out. 


State 1:200 °C, 300kPa 


State 2: P 2 = P»^ = 200 kPa 


eq 


m = PjVi/RTi = 300 x 0.005 / 0.2968 x 473.15 = 0.01068 kg 


The energy equation becomes 


mu 2 + P2V2 = muj + P2V1 = mh 2 => 


h 2 = ui + P 2 Vi/m = ui + P2V1 RTj /PlVi = u^ + (P2/P1) RTi 
Solve using constant Cp, Cy 

Cp T2 = Cy Ti + (P2/P1) RTi 

T2 = Ti [Cy + (P2/P1) R] / Cp 

= 473.15 [0.745 + (200 / 300) x 0.2368] / 1.042 

= 428.13 K 


V 2 = Vi( T 2 /Ti)x(Pi/P 2 ) = 0.005 X 


428.13 300 

473.15 "" 200 


= 0.00679 m^ 


1S2 gen= m(s2 - Si) ^ m[Cp In (T 2 /T 1 ) - R In (P 2 / Pi)] 

= PiVi /RTi [Cp In (T 2 /T 1 ) - R In (P 2 / P^] 

= 0.01068 [1.042 X In (428.13/473.15) - 0.2968 x In (200 / 300)] 

= 0.000173 kJ/K 
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8.104 

A rigid container with volume 200 L is divided into two equal volumes by a 
partition, shown in Fig. P8.104. Both sides contain nitrogen, one side is at 2 MPa, 
200°C, and the other at 200 kPa, 100°C. The partition ruptures, and the nitrogen 
eomes to a uniform state at 70°C. Assume the temperature of the surroundings is 
20°C, determine the work done and the net entropy change for the proeess. 

Solution; 

C.V. : A + B no ehange in volume. 1 W 2 = 0 
niAi = PaiVai/RTai = (2000 x 0.1)/(0.2968 x 473.2) = 1.424 kg 
mei = PbiVbi/RTbi = (200 x 0.1)/(0.2968 x 373.2) = 0.1806 kg 
P 2 = mTOTRT 2 /VTOT = (1-6046 x 0.2968 x 343.2)/0.2 = 817 kPa 
From Eq.8.25 

^Ssyst ^ 1.424[ 1.042 In 4-73 2 ‘ 0-2968 In^^^] 

^4^ 9 R17 

+ 0 . 1 806[ 1.042 In^;^- 0.2968 In^] = -0.1894 kJ/K 

1 Q 2 = U 2 - Ui = 1.424 X 0.745(70 - 200) + 0.1806 x 0.745(70 - 100) 

=-141.95 kJ 
From Eq.8.18 

^SsuRR = - 1 Q 2 /T 0 = 141.95/293.2 = +0.4841 kJ/K 
ASnet = -0.1894 + 0.4841 = +0.2947 kJ/K 
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8.105 

Nitrogen at 600 kPa, 127°C is in a 0.5 m insulated tank eonneeted to a pipe with 

a valve to a seeond insulated initially empty tank of volume 0.5 m , shown in Fig. 
P8.105. The valve is opened and the nitrogen fills both tanks at a uniform state. 
Find the final pressure and temperature and the entropy generation this proeess 
eauses. Why is the proeess irreversible? 


Solution: 

CV Both tanks + pipe + valve Insulated : Q = 0 Rigid: W = 0 
Energy Eq.5.11: rn(u 2 - u^) = 0-0 => U 2 = u^ = u^j 

Entropy Eq.8.14: m(s 2 - s^) = 1 dQ/T + ^82 gen = 1 S 2 gen (dQ = 0) 

1: Pi , Ti , Va => m = PV/RT = (600 x 0.5)/ (0.2968 x 400) = 2.527 

2 : V 2 = Va + ; uniform state V 2 = V 2 / m ; U 2 = Uai 



Ideal gas u (T) => U 2 = Uai => T 2 ^ Tal = 400 K 

P 2 = mR T 2 / V 2 = (Vi / V 2 ) Pi = 14 X 600 = 300 kPa 
Prom entropy equation and Eq.8.28 for entropy ehange 

Sgen = m(s 2 - si) = m[sT 2 - Sji - R ln(P 2 / Pi)] 


= m [0 - R In (P 2 / Pi )] = -2.527 x 0.2968 In 14 = 0.52 kJ/K 
Irreversible due to unrestrained expansion in valve P X but no work out. 
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Polytropic processes 


8.106 

Neon at 400 kPa, 20°C is brought to 100°C in a polytropic process with n= 1.4. 
Give the sign for the heat transfer and work terms and explain. 

Solution: 




Neon Table A.5 
k = Y = 1.667 so n < k 
C^ = 0.618, R = 0.412 


From definition Eq.8.2 
From work term 


ds = dq/T so 


dq = T ds 
dw = P dv 


From figures: v goes down so work in ( W < 0); 

s goes down so Q out ( Q < 0) 


We can also calculate the actual specific work from Eq.8.38 and heat 
transfer from the energy equation as: 

1 W 2 = [R/(l-n)](T 2 - Ti) = -82.39 kJ/kg 

U 2 - uj = Cy(T 2 - Tj) = 49.432, jq 2 = Au + i'^2 ^ -32.958 

1 W 2 Negative and 1 Q 2 Negative 
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8.107 

A mass of 1 kg of air contained in a cylinder at 1.5 MPa, 1000 K, expands in a 
reversible adiabatic process to 100 kPa. Calculate the final temperature and the 
work done during the process, using 

a. Constant specific heat, value from Table A.5 

b. The ideal gas tables. Table A.7 

Solution; 

C.V. Air. 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - s^) = j dQ/T + ^82 ggn 

Process: iQ 2 = 0, iS 2 gen = 0 => S 2 = Si 

a) Using constant Cp from Table A.5 gives the power relation Eq.8.32. 

ki fO IAO.286 

T 2 = Ti(P2/Pi) k = lOOO^^Y^J = 460.9 K 
1W2 = -(U2 - Ui) = mCvo(Ti - T2) 


= 1 X 0.717(1000 - 460.9) = 386.5 kJ 
b) Use the standard entropy function that includes variable heat capacity 
fromA.7.1 andEq.8.28 


_ o o T5 1 lA _ n 
^T2 ^T1 p ^ 


S'p2 ^T1 p 


Sj 2 = 8.13493 + 0.287 ln(100/1500) = 7.35772 
Interpolation gives T 2 = 486 K and U 2 = 349.5 kJ/kg 
1 W 2 = m(ui - U 2 ) = 1(759.2 - 349.5) = 409.7 kJ 
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8.108 

An ideal gas having a constant specific heat undergoes a reversible polytropic 
expansion with exponent, n= 1.4. If the gas is carbon dioxide will the heat 
transfer for this process be positive, negative, or zero? 

Solution: 

CO 2 : Table A.5 k= 1.289 <n 
Since n>k and P 2 ^ ^1 
it follows that S 2 < and thus Q flows out. 

1Q2 ® 




Sonntag, Borgnakke and van Wylen 


8.109 

A cylinder/piston contains 1 kg methane gas at 100 kPa, 20°C. The gas is 
eompressed reversibly to a pressure of 800 kPa. Caleulate the work required if the 
proeess is 

a. Adiabatie b. Isothermal 

e. Polytropie, with exponent n= 1.15 


Solution: 

C.V. Methane gas of eonstant mass m 2 = m^ = m and reversible proeess. 
Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - s^) = j dQ/T + 1 S 2 gen = 1 dQ/T 

a) 


Proeess: iQ 2 = 0 => S 2 = Si 

thus isentropie proeess s = const and ideal gas gives relation in Eq.8.32 


k-l 


T 2 = Ti (P 2 /P 1 ) k =293.2 


f800 

UOO 


0.230 


= 473.0 K 




1 W 2 = -mCvo(T2 - Ti) = -1 X 1.7354 (473.0 - 293.2) = -312,0 kJ 

b) 

O O 

Proeess: T = constant. Eor ideal gas then U 2 = u^ and s.^^ ^ ^ti 

Energy eq. gives 1 W 2 = 1 Q 2 and j dQ/T = 1 Q 2 /T 
with the entropy ehange found from Eq.8.28 

=> ^W 2 = 1 Q 2 = mT(s 2 - si) = -mRT ln(P 2 /Pi) 


= -0.51835X 293.2 ln(800/100) = -316.0 kJ 


c) 


Proeess: 


Pv*^ = eonstant with n=1.15; 


The T-P relation is given in Eq. 8 .37 


n-1 


T 2 = Ti (P 2 /P 1 ) =293.2 


f800 

UOOy 


0.130 


= 384.2 K 


and the work term is given by Eq.8.38 


1 W 2 = ! mP dv = m(P 2 V 2 - PivQ/(l - n) = mR (T 2 - TQ/(1 - n) 



0.51835(384.2-293.2) 

1 - 1.15 


= -314,5 kJ 
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8.110 

Helium in a piston/cyUnder at 20°C, 100 kPa is brought to 400 K in a reversible 
polytropie proeess with exponent n = 1.25. You may assume helium is an ideal 
gas with eonstant speeihe heat. Find the final pressure and both the speeifie heat 
transfer and speeifie work. 

Solution; 

C.V. Helium 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Proeess: Pv'^ = C & Pv = RT => Tv'^'^ = C 

Table A.5: = 3.116 kJ/kg K, R = 2.0771 kJ/kg K 

Prom the proeess equation and = 293.15, T 2 = 400 K 

Ti v*'-^ = T 2 v*'-^ => V 2 /V 1 = (Ti/T2 )l/n-l = 0.2885 

P 2 /P 1 =(vi/V 2 f = 4.73 =>P 2 = 473 kPa 

The work is from Eq.8.38 per unit mass 

1 W 2 = j P dv = 1 C v'*^ dv = [ C / (1-n) ] x ( V 2 ^'‘^ - 

= ^ (P 2 V2 - Pi vi) = (T 2 - Ti) = -887.7 kJ/kg 

The heat transfer follows from the energy equation 

iq2 = U2 - uj + 1^2 = Cy (T 2 -Ti ) + (- 887.7) = -554.8 kJ/kg 
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8.111 

The power stroke in an internal combustion engine can be approximated with a 
polytropic expansion. Consider air in a cylinder volume of 0.2 L at 7 MPa, 1800 
K, shown in Fig. P8.111. It now expands in a reversible polytropic process with 
exponent, n = 1.5, through a volume ratio of 8 :1. Show this process on P-v and T- 
s diagrams, and calculate the work and heat transfer for the process. 


Solution: 

C.V. Air of constant mass 


m 2 = mi = m. 


Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = j dQ/T + 1 S 2 ggn = 1 dQ/T 
Process: pyl-SO = constant, ^ 2 ^^ 1 ^ ^ 

State 1: Pi = 7 MPa, Tj = 1800 K, Vi = 0.2 E 


State 2: 


Table A. 7: 


PlVl 

mi 


7000 X 0.2 X IQ-^ 

0.287 X 1800 


2.71x10'^ kg 


(v = V 2 /m, ?) Must be on process curve so Eq.8.37 gives 

T 2 = Ti (VifV 2 r^ = 1800 (1/8)°-^ = 636.4 K 

ui = 1486.331 kJ/kg and interpolate U 2 = 463.05 kJ/kg 






Notice: 

n = 1.5, k = 1.4 

n > k 


Work from the process expressed in Eq.8.38 
1 W 2 = /PdV = mR(T 2 - Ti)/(1 - n) 

_ 2.71x10-3 X 0.287(636.4 - 1800) _ 

1-1.5 

Heat transfer from the energy equation 
1Q2 = m(u 2 - ui) + 1W2 

= 2.71x10'^ X (463.05 - 1486.331) + 1.81 = -0.963 kJ 


81 kJ 
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8.112 

A piston/cylinder contains air at 300 K, 100 kPa. It is now compressed in a 
reversible adiabatic process to a volume 7 times as small. Use constant heat 
eapacity and find the final pressure and temperature, the specifie work and 
speeific heat transfer for the process. 

Solution: 

Expansion ratio: V 2 / v^ = 1/7 

Proeess eq.: Rev. adiabatic and ideal gas gives Pv*^ = C, with n = k 

P 2 /Pi = (v2/vi)-k = 71-4 =15.245 

P 2 = Pi (7^-4) = 100 X 15.245 = 1524.5 kPa 

T 2 = Ti (vi/v2)’"'^ = 300 X 7°-4 = 653.4 K 
1 q2 = 0 kJ/kg 

Polytropic process work term from Eq.8.38 

R 0 287 

1W2 = in (T 2 -Ti) = ^ (653.4 - 300) = -253.6 kJ/kg 


Notiee: Cv = R/(k-l) so the work term is also the change in u eonsistent with the 
energy equation. 
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8.113 

A cylinder/piston contains carbon dioxide at 1 MPa, 300°C with a volume of 200 
L. The total external force aeting on the piston is proportional to This system 
is allowed to cool to room temperature, 20°C. What is the total entropy generation 
for the process? 

Solution; 

C.V. Carbon dioxide gas of constant mass m 2 = m^ = m out to ambient. 
Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14,18; m(s 2 - Si) = j dQ/T + ^82 gen = lQ 2 /Tamb + 1 S 2 gen 

3 a 

Proeess; P = CV or PV = constant, which is polytropic with n = -3 

1000 X 0.2 

State 1; (T, P) => m = PiVi/RTi 1.847 kg 

State 2; (T, ?) state must be on process curve. This and ideal gas leads to 
Eq.8.37 

n 

^ P 2 = Pi(T2/Ti)n-l = 1000(293.2/573.2)^^4 = 594 g 

1 

V 2 = Vi(Ti/T 2 )n-l = 0.16914 m^ 

1 W 2 =/PdV = (P 2 V 2 - PiVi)/(l-n) 

= [604.8 X 0.16914 - 1000 x 0.2] / [1 - (-3)] = -24.4 kJ 

lQ 2 = m(u 2 -ui)+ 1 W 2 

= 1.847 X 0.653 (20 - 300) - 24.4 = -362.1 kJ 
Prom Eq.8.25 

293 2 604 8 

m(s 2 - Sj) = 1.847[0.842 In^y^ 2 ‘ 0-18892 In ^qqq] 

= 1.847[-0.4694] = -0.87kJ/K 
ASsurr = - iQ 2 /Tamb = +362.1 / 293.2 = +1.235 kJ/K 
Prom Eq.8.18 

1^2 gen = I^(S 2 “ ~ lQ 2 /Tamb ^ = ^§(202 + ^SguRR 

= -0.87 + 1.235 = +0.365 kJ/K 

Notice; 

n = -3, k = 1.3 
s n<k 
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8.114 


A device brings 2 kg of ammonia from 150 kPa, -20°C to 400 kPa, 80”C in a 
polytropic process. Find the polytropic exponent, n, the work and the heat 


transfer. Find the total entropy generated assuming a source at 100°C. 
Solution; 

C.V. Ammonia of constant mass m 2 = m^ = m out to source. 


Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14, 8.18; m(s 2 - s^) = j dQ/T + 1 S 2 gen = 1 Q 2 /T + 1 S 2 gen 


Process; Piv^”^ = P 2 V 2 *^ Eq. (8.36) 

State 1; Table B.2.2 

Vl = 0.79774 m^/kg, s^ = 5.7465 kJ/kg K, u^ = 1303.3 kJ/kg 
State 2; Table B.2.2 

V 2 = 0.4216 m^/kg, S 2 = 5.9907 kJ/kg K, U 2 = 1468.0 kJ/kg 


In (P 2 /P 1 ) = In (v 2 /vi)'^ = n X In (V 2 /V 1 ) 

In () = n X In () = 0.98083 = n x 0.63773 


n = 1.538 

The work term is integration of PdV as done in text leading to Eq.8.38 


lW2 = 


m 


1 -n 


(P2V2 - Pl^i) 


2 


= 1X ( 400 X 0.4216 - 150 x 0.79774) = -182.08 kJ 

1 — 1. j3o 

Notice we did not use Pv = RT as we used the ammonia tables. 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 2 (1468 - 1303.3) - 182.08 


= 147.3 kJ 


Prom Eq.8.18 


147.3 


1S2 gen = m(s 2 - si) - iQ2/T = 2 (5.9907-5.7465 )-^^^ 


= 0.0936 kJ/K 




Notice; 

n = 1.54, k = 1.3 

n > k 
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8.115 


A cylinder/piston contains 100 L of air at 110 kPa, 25°C. The air is compressed in 
a reversible polytropic process to a final state of 800 kPa, 200°C. Assume the heat 
transfer is with the ambient at 25°C and determine the polytropic exponent n and 
the final volume of the air. Find the work done by the air, the heat transfer and 
the total entropy generation for the process. 

Solution; 

C.V. Air of eonstant mass m 2 = m^ = m out to ambient. 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14,18: m(s 2 - Si) = j dQ/T + ^82 gen = 1 Q 2 /T 0 + 1 S 2 gen 


Process: Pv^*^ = P 2 V 2 *^ 
State 1; (Ti,Pi) 


Eq.8.36 

State 2: (T 2 , P 2 ) 


Thus the unknown is the exponent n. 

m = PiVi /(RTi) = 110 X 0.1/(0.287 x 298.15) = 0.1286 kg 
The relation from the proeess and ideal gas is in Eq.8.37 


— 473.15 

T 2 /T 1 = (P 2 /P 1 ) => 298.15 


tl-l 

lioj 


n -1 


= 0.2328 


n = 1,3034, V 2 = Vi(Pi/P 2 )n = 0.1 
The work is from Eq.8.38 


no 

800 


0.7672 ^ 0,02182 


P 2 V 2 -P 1 V 1 800 x 0.02182 - 110 x 0.1 _ 

1W2 = = 1 -n =-TTTIOM-= W 


Heat transfer from the energy equation 
1 Q 2 = mC^(T 2 - Ti) + 1 W 2 

= 0.1286 X 0.717 X (200 - 25) - 21.28 = -5.144 kJ 
Entropy change from Eq.8.25 

S 2 -Si=Cpoln(T 2 /Ti)-Rln(P 2 /Pi) 

fAl^ 1kT 

= 1.004 In - 0.287 In 777 : =-0.106 

'v298.15y' UlOy kg K 

From the entropy equation (also Eq.8.18) 

lS2,gen = m(S2 -Si)- 1Q2/T0 

= 0.1286 X (-0.106) + (5.144/298.15) = 0.00362 kJ/K 
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8.116 

A mass of 2 kg ethane gas at 500 kPa, 100°C, undergoes a reversible polytropic 
expansion with exponent, n= 1.3, to a final temperature of the ambient, 20°C. 
Calculate the total entropy generation for the process if the heat is exchanged with 
the ambient. 

Solution; 

C.V. Ethane gas of constant mass m 2 = m^ = m out to ambient. 

Energy Eq.5.11; m(u 2 - u^) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14,18; m(s 2 - Si) = j dQ/T + 1 S 2 gen = lQ2/Tamb + 1 S 2 gen 

Process; Pv^*^ = P 2 V 2 '^ Eq.8.36 

State 1; (Ti,Pi) State 2; (T 2 , ?) on process curve 


n 




P2 = Pi (T2/Tir-1 = 500 

Work is integrated in Eq.8.38 

P2V2-P1V1 R(T 2 -Ti) 

iW2 = J Pdv= = 


V 


293.2 

373.2 




4.333 


= 175.8 kPa 


j 


1 -n 


0.2765(293.2-373.2) _ , 

-lT3o- - ^ kJ/kg 


1 


Heat transfer is from the energy equation 

192 = Cvo(T2 - Ti) + 1 W 2 = 1.49(293.2 - 373.2) + 73.7 = -45.5 kJ/kg 
Entropy change from Eq.8.25 

S2-Si=Cpoln(T2/Ti)-Rln(P2/Pi) 


293 2 175 8 

= 1.766 In 0.2765 In =-0.1371 kJ/kg K 

m(s2 - si) = ASsyst = 2(-0.1371) = -0.2742 kJ/K 
ASsurr = - 1 Q 2 /T 0 = + 2 X 45.5/293.2 = +0.3104 kJ/K 
Generation from entropy equation or Eq.8.18 

1^2 gen " n^(S2 “ ^i) - iQ2/Tamb = = ASgysT + 

= -0.2742 + 0.3104 = +0.0362 kJ/K 



Notice; 

n= 1.3, k= 1.186 


n > k 
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8.117 

A piston/cyUnder contains air at 300 K, 100 kPa. A reversible polytropic process 
with n = 1.3 brings the air to 500 K. Any heat transfer if it comes in is from a 

325°C reservoir and if it goes out it is to the ambient at 300 K. Sketch the process 
in a P-v and a T-s diagram. Find the specific work and specific heat transfer in the 
process. Find the specific entropy generation (external to the air) in the process. 


Solution: 


Process : Pv*^ = C 

, rP2V2-Pivi 

iW 2 = JPdv= 




i^(T 2 -Ti) 


V 1-ii y 

0.287 

j- 7 Y^ (500 - 300) = -191.3 kJ/kg 


Energy equation 

102 = U2 - Ui +1W2 = Cy ( T2 -Ti ) + 1W2 
= 0.717 (500 - 300) - 191.3 = -47.93 kJ/kg 

The I q 2 is negative and thus goes out. Entropy is generated between the air and 
ambient. 


^2 ■ ^ 1 102^Pamb~*~ 1 ^2 gen 


1^2 gen “ §2 - Si - iq 2 /Tamb “ Cp In (T 2 /T 1 ) - R In (P 2 /P 1 ) - iq 2 /Tamb 


n/(n-l) 

P2/Pi=(T2/Ti) 


= (500/300) 


9.148 


500 -47 93 

1 S 2 gen = 1-004 In (^) - 0.287 In 9.148 - ( 3 QQ ) 

= 0.51287 - 0.635285 + 0.15977 

= 0.03736 kJ/kg K 



Notice: 

n= 1.3, k= 1.4 

n < k 
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8.118 

A cylinder/piston contains saturated vapor R-22 at 10°C; the volume is 10 L. The 
R-22 is eompressed to 2 MPa, 60°C in a reversible (internally) polytropie proeess. 
If all the heat transfer during the proeess is with the ambient at 10°C, ealeulate the 
net entropy ehange. 

Solution: 


C.V. R-22 of eonstant mass 


m 2 = mi = m out to ambient. 


Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14,18: m(s 2 - Si) = j dQ/T + 1 S 2 gen = lQ 2 /Tamb + 1S2 gen 

Proeess: PiVi’^ = P 2 V 2 ^ Eq.8.36 

State 1: (Ti,xi) Table B.4.1 Pi = 0.681 MPa, vi = 0.03471 

m = Vi/vi = 0.01/0.03471 = 0.288 kg 
State 2: (T 2 , P 2 ) Table B.4.2 V 2 = 0.01214 m3/kg 


Prom proeess eq. 


P2/P1 


2.0 

0.681 


/" 0.03471 V , 

V0.01214/ n- 1.0255 


The work is from Eq.8.38 

P2V2 - PlVi 

lW 2 = /PdV = m 7- 


0.288 


2000 x 0.01214- 681 x 0.03471 

1 - 1.0255 


= -7.26 kJ 

Heat transfer from energy equation 

1 Q 2 = m(u2 - ui) + 1 W 2 = 0.288(247.3 - 229.8) - 7.26 = -2.22 kJ 

ASsyst = m(s2 - si) = 0.288(0.8873 - 0.9129) = -0.00737 kJ/K 

^SsuRR = - 1 Q 2 /T 0 = +2.22/283.2 = +0.00784 kJ/K 
Generation is from entropy equation or Eq.8.18 

1^2 gen = ni(S2 “ ^i) - iQ2/Tamb = ^SnET = ^SsysT + ^SguRR 

= -0.00737 + 0.00784 = +0.00047 kJ/K 



Notiee: 

n= 1.03, k= 1.17 


n < k 
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8.119 

A cylinder/piston contains air at ambient conditions, 100 kPa and 20°C with a 

volume of 0.3 m . The air is compressed to 800 kPa in a reversible polytropic 
process with exponent, n = 1.2, after which it is expanded back to 100 kPa in a 
reversible adiabatic process. 

a. Show the two processes in P-v and T-s diagrams. 

b. Determine the final temperature and the net work. 

Solution: 

m = P^Vj/RTi 

100x0.3 
“ 0.287 X 293.2 
= 0.3565 kg 



b) The process equation is expressed in Eq.8.37 

— f800>l67 

T 2 = Ti(P 2 /Pi) =293.2 = 414.9 K 


The work is from Eq.8.38 


P 2 V 2 -P 1 V 1 R(T 2 -Ti) 0.287(414.9-293.2 

lW2 = JPdv= = ^_^20 

1 


=-174.6 kJ/kg 


Isentropic relation is from Eq.8.32 


^ ('100'l0.28<5 

Tj = Tj (P 3 /P 2 ) I' = 414.9 555 = 228.9 K 


With zero heat transfer the energy equation gives the work 

2 W 3 = Cvo(T 2 - T 3 ) = 0.717(414.9 - 228.9) = +133.3 kJ/kg 
Wnet = 0.3565(-174.6 + 133.3) = -14,7 kJ 
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Rates or fluxes of entropy 


8.120 

A reversible heat pump uses 1 kW of power input to heat a 25®C room, drawing 

energy from the outside at 15°C. Assuming every process is reversible, what are 
the total rates of entropy into the heat pump from the outside and from the heat 
pump to the room? 

Solution; 


C.V.TOT. 


Energy Eq.: Ql+ W = Qh 


Entropy Eq.; 




. Tl 

Ql - Qh Xjj 


Qh 



+ W = Qh 




1 . 1 
Th-Tl^“25 - 15 


(1) = 0.1 kW/K 



Qh 

x^ = 0.1 kW/K 
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8.121 

An amount of power, say 1000 kW, comes from a furnace at 800°C going into 
water vapor at 400°C. From the water the power goes to a solid metal at 200°C 
and then into some air at 70°C. For each location calculate the flux of s through a 

surface as (Q/T). What makes the flux larger and larger? 

Solution: 



V V 

FURNACE AIR FLOW 


Flux of s: Fg = Q/T with T as absolute temperature. 


Fgi = 1000/1073.15 = 0.932 kW/K, Fg2 = 1000/673.15 = 1.486 kW/K 


Fg3 = 1000/473.15 = 2.11 kW/K, 

II 

1000/343.15 = 

2.91 kW/K 


T 

800 

400 

200 

70 

(°C) 

T amb 

1073 

673 

476 

646 

K 

0/T 

0.932 

1.486 2.114 

2.915 

kW/K 


1 §2 gen every change in T 
Q over AT is an irreversible process 
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8.122 

Room air at 23°C is heated by a 2000 W spaee heater with a surfaee filament 
temperature of 700 K, shown in Fig. P8.122. The room at steady state looses the 

power to the outside whieh is at 7°C. Find the rate(s) of entropy generation and 
speeify where it is made. 

Solution; 


For any C.V at steady state. 

The entropy equation as a rate form is Eq.8.43 



0 = ! dQ/T + Sgen 


C.V. Heater Element 


Sgen = -I dQ/T = -(-2000/700) = 2.857 W/K 
C.V. Spaee between heater 700 K and room 23°C 

Sgen = dQ/T = (-2000 / 700) - [-2000 / (23+273)] = 3.9 W/K 
C.V. Wall between 23°C inside and 7°C outside 


Sgen = -I dQ/T = [-2000 / (23+273)] - [2000 / (7 + 273)] = 0.389 W/K 


Notice biggest Sggj^ 


is for the largest change in 1/T. 
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8.123 

A small halogen light bulb receives an electrical power of 50 W. The small 
filament is at 1000 K and gives out 20% of the power as light and the rest as heat 
transfer to the gas, which is at 500 K; the glass is at 400 K. All the power is 

absorbed by the room walls at 25®C. Find the rate of generation of entropy in the 
filament, in the total bulb including glass and the total room including bulb. 

Solution; 


Wgi = 50 W 


= 10 W 


Qcond - 40 W 




leads 


glass 



Radiation 


Conduction 


We will assume steady state and no storage in the bulb, air or room walls. 
C.V. Filament steady-state 


Energy Eq.5.31; 


dEc.v/dt - 0 - Wgi - Qrad “ Qcond 


Entropy Eq.8.43; 


dSg v/dt = 0 = 


« « 

Qrad Qcond 


T 


FILA 


T 


+ S 


FILA 


gen 


« « « « 

Sgen = (Qrad + QcondVTfila = Wgi/TpiL^ = 


50 


1000 


= 0.05 W/K 


C.V. Bulb including glass 

Qrad leaves at 1000 K Qcond leaves at 400 K 

Sgen = 1 dQ/T = -(-10/1000) - (-40/400) = 0.11 W/K 


C.V. Total room. All energy leaves at 25°C 


Eq.5.31; 


dEc.v./dt - 0 - Wgi - Qrad “ Qcond 


Eq.8.43; 


dSg V /dt = 0 = 


« 

Qtot 


T 


+ S 


WALL 


gen 



Qtot 

Twall 


50/(25+273) = 0.168 W/K 
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8.124 

A farmer runs a heat pump using 2 kW of power input. It keeps a chicken 

hatchery at a constant 30®C while the room loses 10 kW to the colder outside 

ambient at 10®C. What is the rate of entropy generated in the heat pump? What is 
the rate of entropy generated in the heat loss process? 

Solution; 


C.V. Hatchery, steady state. 


To have steady state at 30®C for the hatchery 


Energy Eq.; 0 = 

C.V. Heat pump, steady state 

Energy eq.; 0 = + W - Q 


H 


Q^=Q. =10kW 


Loss 


Ql = Qu - W = 8 kW 


H 


Entropy Eq.; 0 = 


Ql Qh 


T 


L 


^gen HP 


S 


Qh Ql 


10 


8 


gen HP Xt 273 + 30 273 + 10 


= 0.00473 kW/K 


L 


C.V. Erom hatchery at 30 C to the ambient IO C. This is typically the walls and 
the outer thin boundary layer of air. Through this goes QL^^g- 


W W 

^ ^ OSS 9k OSS • 

Entropy Eq.: 0 = + Sg^n walls 


H 


amb 


s 


Ql 


OSS 


Ql 


OSS 


10 10 


gen walls 'p 


amb 


Th 283 303 


= 0.00233 kW/K 
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8.125 

The automatic transmission in a car receives 25 kW shaft work and gives out 24 
kW to the drive shaft. The balance is dissipated in the hydraulic fluid and metal 

casing, all at 45®C, which in turn transmits it to the outer atmosphere at 20®C. 
What is the rate of entropy generation inside the transmission unit? What is it 
outside the unit? 


Solution: 


C.V. Total unit. Steady state 
and surface at 45®C 


Energy Eq: 


0 = Win - W 


W 

-Q 


out Vout 


25 kW 




1 kW 











J 


24 kW 



« 

Entropy Eq.: 0 = -T^~+S„pn 

I oil gen 


From energy Eq.: 


Qout = Win - Wnnt = 25 - 24 = 1 kW 


in 


From entropy Eq.: 


• _ Qout 

^gen - Tnii 


1 kW 
273.15 + 45 K 


= 3.1 W/K 


C.V. From surface at 45®C to atm. at 20°C. 


« « 

Entropy Eq.: 0 = ^ + Sg^n outside 


amb 


1 J_ J_ J_ 

^gen outside “ Qout ' Tq{]^ ~ ^ ^293'318^ ~ 0.268 W/K 
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Review problems 


8.126 

An insulated cylinder/piston has an initial volume of 0.15 and contains steam at 

400 kPa, 200®C. The steam is expanded adiabaticly, and the work output is 
measured very carefully to be 30 kJ. It is claimed that the final state of the water is 
in the two-phase (liquid and vapor) region. What is your evaluation of the claim? 


Solution: 


C.V. Water. 
Energy Eq.5.11 


m(u 2 -ui)= 1Q2- 1W2 


Entropy Eq. 8 .3: m(s 2 - s^) = j dQ/T 

Process: 1 Q 2 = 0 and reversible 
State 1:(T,P) Table B. 1.3 


vi = 0.5342, ui = 2646.8, Si = 7.1706 kJ/kg K 



m = 


Vi 0.15 


With the assumed reversible process we have from entropy equation 

S 2 = Si = 7.1706 kJ/kgK 

and from the energy equation 

30 

U 2 = ui - iW 2 /m = 2646.8 - q 2393 ^ 2540.0 kJ/kg 


State 2 given by (u, s) check Table B. 1.1: sq (at uq = 2540) =7.0259 < si 

^ State 2 must be in superheated vapor region. 
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8.127 

A closed tank, 10 L, containing 5 kg of water initially at 25°C, is heated to 
175°C by a heat pump that is receiving heat from the surroundings at 25°C. 
Assume that this process is reversible. Find the heat transfer to the water and the 
work input to the heat pump. 

C.V.: Water from state 1 to state 2. 

Process: constant volume (reversible isometric) 

1: vi =V/m = 0.002 ^ xi = (0.002 - 0.001003)743.358 = 0.000023 

ui = 104.86 + 0.000023x2304.9 = 104.93 kJ/kg 

51 = 0.3673 + 0.000023x8.1905 = 0.36759 kJ/kg K 
Continuity eq. (same mass) and V = C fixes V 2 

2: T2, V2 = vi => 

X2 = (0.002 - 0.001121)70.21568 = 0.004075 
U 2 = 740.16 + 0.004075x1840.03 = 747.67 kJ7kg 

5 2 = 2.0909 + 0.004075x4.5347 = 2.1094 kJ7kg K 
Energy eq. has W = 0, thus provides heat transfer as 

1 Q 2 = m(u2 - ui) = 3213,7 kJ 

Entropy equation for the total (tank plus heat pump) control volume gives 
for a reversible process: 

m(s2 -si)= Ql7To ^ Ql = mTo(s2 - si) = 2596.6 kJ 

and then the energy equation for the heat pump gives 

Whp = iQ2-Ql = 617.1 kJ 
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8.128 

Two tanks contain steam, and they are both conneeted to a piston/eylinder as 
shown in Fig. P8.128. Initially the piston is at the bottom and the mass of the 
piston is such that a pressure of 1.4 MPa below it will be able to lift it. Steam in A 
is 4 kg at 7 MPa, 700°C and B has 2 kg at 3 MPa, 350°C. The two valves are 
opened, and the water comes to a uniform state. Find the final temperature and the 
total entropy generation, assuming no heat transfer. 

Solution; 

Control mass: All water m^ + mg. 

Continuity Eq.: m 2 = m^ + mg = 6 kg 

Energy Eq.5.11; m 2 U 2 - hiaUai - mgUgi = 1 Q 2 - 1 W 2 = - 1 W 2 

Entropy Eq.8.14: m 2 S 2 - m^SAi - mgSgi = 1 S 2 gen 

B.1.3: Vai = 0.06283, Uai = 3448.5, Sai = 7.3476 , Va = 0.2513 m^ 

B.1.3; vgi = 0.09053, Ugi = 2843.7, Sgi = 6.7428, Vg = 0.1811 m^ 



V s 


The only possible P, V eombinations for state 2 are on the two lines. 

Assume V 2 > Va + Vg ^ P 2 = Pgft, 1 W 2 = P 2 (V 2 - Va - Vg) 
Substitute into energy equation: 

m2h2 = mAUAi + mgugi + P2(Va + Vg) 

= 4 X 3448.5 + 2 X 2843.7 + 1400 x 0.4324 
State 2: h 2 = 3347.8 kJ/kg, P 2 = 1400 kPa, V 2 = 0.2323, S 2 = 7.433 

T 2 = 441.9 °C, 

Check assumption: V 2 = m 2 V 2 = 1.394 m^ > Va + Vg OK. 

1 S 2 gen = 6 X 7.433 - 4 X7.3476 - 2 x 6.7428 = 1.722 kJ/K 
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8.129 

A piston/cyUnder with constant loading of piston contains 1 L water at 400 kPa, 
quality 15%. It has some stops mounted so the maximum possible volume is 11 L. 
A reversible heat pump extracting heat from the ambient at 300 K, 100 kPa heats 
the water to 300°C. Find the total work and heat transfer for the water and the 
work input to the heat pump. 

Solution; Take CV around the water and check possible P-V combinations. 
State 1: Vj = 0.001084 + 0.15x0.46138 = 0.07029 m^/kg 

ui = 604.29 + 0.15 X 1949.26 = 896.68 kJ/kg 
Si = 1.7766 + 0.15 X 5.1193 = 2.5445 kJ/kgK 
mi = Vi/vi = 0.001/0.07029 = 0.0142 kg 



amb 


State a: v = 11 vi = 0.77319 m'^/kg, 

400 kPa 


=> 


Sup. vapor = 400°C > T 2 



State 2: Since T 2 < then piston is not at stops but floating so P 2 = 400 kPa. 

(T, P) => V 2 = 0.65484 m^/kg => V 2 = (V 2 /V 1 ) x Vi = 9.316 L 
1 W 2 = j P dV = P(V 2 - Vi) = 400 (9.316 - 1) x 0.001 = 3.33 kJ 
1 Q 2 = m(u 2 - ui) + 1 W 2 = 0.0142 (2804.8 - 896.68) + 3.33 = 30.43 kJ 
Take CV as water plus the heat pump out to the ambient. 

m(s2 - si) = Ql/Tq => 

Ql = mTo (S 2 - si) = 300x0.0142 (7.5661 - 2.5445) = 21.39 kJ 

WHP=iQ2-QL = 9.04kJ 
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8.130 

Water in a piston/cylinder is at 1 MPa, 500°C. There are two stops, a lower one at 

which = 1 m and an upper one at = 3 m . The piston is loaded with a 

mass and outside atmosphere such that it floats when the pressure is 500 kPa. This 
setup is now cooled to 100°C by rejecting heat to the surroundings at 20°C. Find 
the total entropy generated in the process. 

C.V. Water. 

Initial state; Table B.1.3: vj = 0.35411 m^/kg, u^ = 3124.3, sy = 7.7621 

m =V/vi = 3/0.35411 = 8.472 kg 




Final state: 100°C and on line in P-V diagram. 

Notice the following: Vg(500 kPa) = 0.3749 > v^, = Vg(154°C) 

Tsat(500 kPa) = 152°C > T 2 , so now piston hits bottom stops. 

State 2: V 2 = v^ot = Vijo/m = 0.118 m^/kg, 

X2 = (0.118 - 0.001044)/1.67185 = 0.0699, 

U 2 = 418.91 + 0.0699x2087.58 = 564.98 kJ/kg, 

S 2 = 1.3068 + 0.0699x6.048 = 1.73 kJ/kg K 

Now we can do the work and then the heat transfer from the energy equation 

1 W 2 = J-PdV = 500(V2 - Vi) = -1000 kJ ( 1 W 2 = -118 kJ/kg) 

1 Q 2 = m(u2 - ui) + 1 W 2 = -22683.4 kJ (iq2 = -2677.5 kJ/kg) 

Take C.V. total out to where we have 20°C: 
m(S 2 - Si) = 1 Q 2 /T 0 + Sgen ^ 

Sgen = m(s 2 - Si) - 1 Q 2 /T 0 = 8.472 (1.73 - 7.7621) + 22683 / 293.15 
= 26.27 kJ/K ( = AS^,ter + ) 
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8.131 

A cylinder fitted with a frictionless piston contains water. A eonstant hydraulie 
pressure on the baek face of the piston maintains a cylinder pressure of 10 MPa. 
Initially, the water is at 700°C, and the volume is 100 L. The water is now cooled 
and eondensed to saturated liquid. The heat released during this process is the Q 
supply to a eyclic heat engine that in turn rejeets heat to the ambient at 30°C. If 
the overall proeess is reversible, what is the net work output of the heat engine? 


C.V.: H 2 O, l->3, this is a eontrol mass 
Continuity Eq.; m^ = m 3 = m 


Energy Eq.; 


m(u3-ui) = 1Q3 - 1W3; 


Proeess: P = C => 1 W 3 = j P dV = Pm(v 3 -vi) 
State 1; 700°C, 10 MPa, Vj = 100 E Table B.1.4 


v^ = 0.04358 m^/kg => m = m^ = V^/v^ = 2.295 kg 
hi = 3870.5 kJ/kg, si = 7.1687 kJ/kg K 
State 3: P 3 = Pi = 10 MPa, X 3 = 0 Table B.1.2 
h3 =hf = 1407.5 kJ/Kg, S3 = Sf = 3.3595 kJ/Kg K 




1 Q 3 = m(u 3 -uj) + Pm(v 3 - Vi) = m(h 3 - hi) 

= -5652.6 kJ 

Heat transfer to the heat engine; 

Qh = -iQ 3 = 5652.6 kJ 

Take eontrol volume as total water and heat engine. 
Proeess: Rev., ASj^gi = 0 ; Tl = 30°C 

2^^ Law: AS^gt = m(s 3 - Si) - Qcv/Tl ; 

Qev = Tq m(s 3 - si) = -2650.6 kJ 
=> Ql = -Qcv “ 2650.6 kJ 
Wnet = Whe = Qh ' Ql = 3002 kJ 
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8.132 

A cylinder/piston contains 3 kg of water at 500 kPa, 600°C. The piston has a 
cross-sectional area of 0.1 and is restrained by a linear spring with spring 

constant 10 kN/m. The setup is allowed to cool down to room temperature due to 
heat transfer to the room at 20°C. Calculate the total (water and surroundings) 
change in entropy for the process. 

State 1: Table B.1.3, vi = 0.8041, u^ = 3299.6 , si= 7.3522 
State 2: T 2 & on line in P-V diagram. 

P = Pi+(k,/A2yi)(V-Vi) 

Assume state 2 is two-phase, P 2 = Psat(T 2 ) = 2.339 kPa 
V 2 = Vi + (P 2 - Pi)A2yi/mks 

V 2 = 0.8041 + (2.339 - 500)0.01/(3 x 10) = 0.6382 = Vf + X 2 Vfg 
X2 = (0.6382- 0.001002)/57.7887 = 0.011, U2 = 109.46, S2 = 0.3887 

1 W 2 = ^ (Pi + P2)m X (V2 - vi) 

= I (500 + 2.339) X 3 X (0.6382 - 0.8041) = -125 kJ 
1 Q 2 = m(u2 - ui) + 1 W 2 = 3(109.46 - 3299.6) - 125 = -9695.4 kJ 

^^tot ~ ^gen,tot ~ ^(^2 " ^l) " lQ2^"^room 

= 3(0.3887 - 7.3522) + 9695.4/293.15 = 12.18 kJ/K 
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8.133 

An insulated cylinder fitted with a frictionless piston contains saturated vapor R- 
12 at ambient temperature, 20°C. The initial volume is 10 L. The R-12 is now 
expanded to a temperature of -30°C. The insulation is then removed from the 
cylinder, allowing it to warm at constant pressure to ambient temperature. 
Calculate the net work and the net entropy change for the overall process. 

C.V.; R-12 


State 1: Tj = 20°C, Vj = 10 L = 0.01 m^. Sat. Vapor xj = 1.0 

Pj = Pg = 567 kPa, Vj = Vg = 0.03078 m^/kg, m^ =Vi/vi = 0.325 kg 
ui = Ug = 178.32 kJ/kg, = Sg = 0.68841 kJ/kg-K 

State 2: T 2 = -30°C 

Assume 1-^2 Adiabatic & Reversible: §2 = = 0.68841 kJ/kg-K 

S 2 = Sf+X 2 Sfg; => X 2 = 0.95789, P 2 = Pg = 100.4 kPa 


3 


V 2 = vf + X 2 Vfg = 0.15269 m-^/kg, 
U 2 = h 2 - P 2 V 2 = 151.96 kJ/kg 



State 3: T 3 = 20°C, P 3 = P 2 = 100.41 kPa 

V 3 = 0.19728 m^/kg, h 3 = 203.86 kJ/kg, S 3 = 0.82812 kJ/kg-K 

1^*-Law: 1^2, iQ 2 = m(u 2 - u^) + 1 W 2 ; iQ 2^0 

lW 2 = rn(ui - U 2 ) = 8.57 kJ 

2->3: Process: P = constant => 2 W 3 = 1 Pm dv = Pm(v 3 - V 2 ) = 1.45 kJ 
Wtot = 1 W 2 + 2 W 3 = 8.57 + 1.45 = 10.02 kJ 

b) 1^*- Law: 2-^3 2 Q 3 ^ ni(u 3 - U 2 ) + 2 W 3 ; 2 W 3 = Pm(v 3 -V 2 ) 

2 Q 3 = m(u 3 - U 2 ) + Pm(v 3 - V 2 ) = m(h 3 - h 2 ) = 11.90 kJ 

2 nd Law: 1^3: T^ = 20°C, Qcv = lQ 2 + 2 Q 3 ; lQ 2 = 0 
ASj^et ^ ni(s3 - s^) - Qcy^To ^ 0.0048 kJ/K 
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8.134 

A piston/cyUnder assembly contains 2 kg of liquid water at 20°C, 100 kPa and it 
is now heated to 300°C by a source at 500°C. A pressure of 1000 kPa will lift the 
piston off the lower stops. Find the final volume, work, heat transfer and total 
entropy generation. 

Solution: 

C.V. Water out to source at 500°C. This is a control mass. 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = 1 Q 2 / Tsqurce + 1 S 2 gen 

Process: V = Vi if P < Plift or P = Plift if V > Vi 

Any state of this system must be on the two lines shown in the P-v diagram. 

Initial state: Table B. 1.1: vi = 0.001002, u^ = 83.94, = 0.2966 

Vj = mvj = 2 X 0.001002 = 0.002 m^ 

Pinal state: 300°C and on line in P-V diagram. Now check at state la. 

State la: Vi^ = v^, P = 1000 kPa => compressed liquid T^^j < 180°C 

As final state is at 300°C higher than we must be further out so 


State 2: 1000 kPa, 300°C => Superheated vapor in Table B. 1.3 


V2 = 0.25794, U2 = 2793.2, S 2 


7.1228 


V 2 = mv2 = 2 X 0.25794 = 0.51588 m^ 


1 W 2 = /PdV = P2(V2 - Vi) = 1000 (0.51588 - 0.002) = 513.9 kJ 


1Q2 = m(u2 - ui) + 1W2 = 2(2793.2 - 83.94) + 513.9 = 5932 kJ 

5932 

1^2 gen ^ ^^(^2 ‘ ^i) “ 1Q2/TSOURCE ^ 2 (7.1228 - 0.2966) - 
= 13.652 - 7.673 = 5.98 kJ/K ( = AS^^ter + ) 



r 

water 

1 


500 C \ 



/ 


V 


s 
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8.135 

An uninsulated cylinder fitted with a piston contains air at 500 kPa, 200°C, at 
which point the volume is 10 L. The external force on the piston is now varied in 
such a manner that the air expands to 150 kPa, 25 L volume. It is claimed that in 
this process the air produces 70% of the work that would have resulted from a 
reversible, adiabatic expansion from the same initial pressure and temperature to 
the same final pressure. Room temperature is 20°C. 

a) What is the amount of work claimed? 

b) Is this claim possible? 

Solution: 

C.V.: Air; R = 0.287 kJ/kg-K, Cp = 1.004 kJ/kg K, = 0.717 kJ/kg K 
State 1: Ti = 200°C, Pj = 500 kPa, Vj = 10 L = 0.01 m^; 

mi = Vi/vj = PiVi/RTj = 0.0368 kg 

State 2: Po = 150 kPa 


, V 2 = 25 L = 0.025 m 


rig = 70%; Actual Work is 70% of Isentropic Work 
a) Assume Reversible and Adiabatic Process; s i = S 2 s 




= 473.15 (150/500) = 335.4 K 


l^t Law: iQ 2 s = m(u 2 s " ^l) + lQ2s = 0 

Assume constant specific heat 

lW2s = mCv(Ti-T2s) = 3.63kJ 
lW2ac = 0.7xiW2s = 2.54kJ 

b) Use Ideal Gas Law; T 2 ac = T 1 P 2 V 2 / PiVi = 354.9 K 
l^t Law: 1 Q 2 ac = mCy(T 2 ac ' Ti) + 1 W 2 ac = -0-58 kJ 

1 Qcv 

Law: AS^et = “ ^i) - ^ ; Qcv = 1 Q 2 ac^ = 20T 

^0 


T P 

S 2 - Sj = Cp In - R In ^ = 0.0569 kJ/kg-K 


AS^et = 0.00406 kJ/K > 0 ; Process is Possible 
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8.136 

A cylinder fitted with a piston eontains 0.5 kg of R-134a at 60°C, with a quality 
of 50 pereent. The R-134a now expands in an internally reversible polytropie 
proeess to ambient temperature, 20°C at which point the quality is 100 pereent. 
Any heat transfer is with a eonstant-temperature source, which is at 60°C. Find 
the polytropic exponent n and show that this proeess satisfies the seeond law of 
thermodynamies. 

Solution: 


C.V.: R-134a, Internally Reversible, Polytropie Expansion: PV^ = Const. 
Cont.Eq.: m 2 = m^ = m ; Energy Eq.: m(u 2 - u^) = 1 Q 2 - 1 W 2 

Entropy Eq.: m(s 2 - s^) = ! dQ/T + ^82 ggn 

State 1: Ti = 60°C, xj = 0.5, Table B.5.1: Pi = Pg = 1681.8 kPa, 

vi = Vf + xjVfg = 0.000951 + 0.5x0.010511 = 0.006207 m^/kg 
Si = Sf + xiSfg = 1.2857 + 0.5x0.4182 = 1.4948 kJ/kg K, 


uj = Uf + xjUfg = 286.19 + 0.5x121.66 = 347.1 kJ/kg 
State 2: T 2 = 20°C, X 2 = 1.0, P 2 = Pg = 572.8 kPa, Table B.5.1 

V 2 = Vg = 0.03606 m^/kg, S 2 = Sg = 1.7183 kJ/kg-K 
U2 = Ug = 389.19 kJ/kg 


Proeess: 


Pi 

PV^ = Const. => ^ 

^2 





n = ln^/ln — 
P2 vi 


0.6122 


1 W 2 = I PdV = 


P2V2 - PlVl 

1-n 


= 0.5(572.8 X 0.03606 - 1681.8 x 0.006207)/(l - 0.6122) = 13.2 kJ 
2^*^ Eaw for C.V.: R-134a plus wall out to souree: 

Qh 

^^net ^ ^(^2 “ ^ 1 ) “ ’ Check ASj^g^ > 0 


Qh = 1Q2 = m(u2 - ui) + 1W2 = 34.2 kJ 

ASnet = 0.5(1.7183 - 1.4948) - 34.2/333.15 = 0.0092 kJ/K, 

ASnet > 0 Process Satisfies 2**^ Law 
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8.137 

A cylinder with a linear spring-loaded piston contains carbon dioxide gas at 2 
MPa with a volume of 50 L. The deviee is of aluminum and has a mass of 4 kg. 
Everything (A1 and gas) is initially at 200°C. By heat transfer the whole system 
eools to the ambient temperature of 25°C, at which point the gas pressure is 1.5 
MPa. Find the total entropy generation for the proeess. 


CO 2 : m = PiVi/RTi = 2000 x 0.05/(0.18892 x 473.2) = 1.1186 kg 
V 2 = Vi(Pi/P2)(T2/Ti) = 0.05(2/1.5)(298.2/473.2) = 0.042 m^ 


/ pdv=(V2 - Vi) = (0.042 - 0.050) = -14.0 kj 


iQ 2 c 02 = “iCvo(T 2 -Ti)+ iW 2 = 1.1186x0.6529(25-200)-14.0 =-141.81 kJ 

1 Q 2 Ai = mC(T2 - Ti) = 4 X 0.90(25 - 200) = -630 kJ 

System; CO 2 + Al 

iQ 2 =-141.81 -630 = -771.81 kJ 


^SsysT “ niC02(^2 ■ Sl)c02 “^Al(S2 ' 


[ 298 2 1 51 

0.8418 - 0.18892 In^J + 4 x 0.9 ln(298.2/473.2) 

= -0.37407 - 1.6623 = -2.0364 kJ/K 
ASsurr = -( 1 Q 2 /T 0 ) = + (771.81/298.15) = +2.5887 kJ/K 

ASnet = -2.0364 + 2.5887 = +0.552 kJ/K 
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8.138 

A vertical cylinder/piston contains R-22 at -20°C, 70% quality, and the volume 
is 50 L, shown in Fig. P8.138. This cylinder is brought into a 20°C room, and an 
electric current of 10 A is passed through a resistor inside the cylinder. The 
voltage drop across the resistor is 12 V. It is claimed that after 30 min the 
temperature inside the cylinder is 40°C. Is this possible? 

C.V. The R-22 out to the surroundings, i.e. include walls. 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = ! dQ/T + 1 S 2 gen = lQ2/Tamb + 1 S 2 gen 

Process: Constant pressure P^ = P 2 = 245 kPa 

State 1: Table B.4.1 v^ = 0.06521 m^/kg, h^ = 176 kJ/kg, s^ = 0.6982 kJ/kg K 

m = Vi/vj = 0.05/0.06521 = 0.767 kg 

State 2: Table B.4.2 Interpolate between 200 and 300 kPa 

h2 = 282.2 kJ/kg, S 2 = 1.1033 kJ/kg K 

Electrical work: WgLg (2 = -Ei At = -12x 10x30x 60/1000 = -216 kJ 

Total work: lW 2 = Pni(v 2 - v^) + WgLg,- 

Now substitute into energy equation and solve for Q 

1 Q 2 = m(u 2 - ui) + Pm(v 2 - vi) + Welec = ^^(^2 - hi) + Welec 

= 0.767(282.2 - 176.0) - 216 = -134.5 kJ 

Solve for the entropy generation from entropy equation 

1^2 gen “ ^(^2 “ ^l) " lQ2/Tanib 

= 0.767(1.1033 -0.6982) + ^^ 

= 0.3093 + 0.4587 = +0.768 kJ/K Claim is OK, 
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8.139 

A gas in a rigid vessel is at ambient temperature and at a pressure, P^, slightly 

higher than ambient pressure, Pg. A valve on the vessel is opened, so gas escapes 

and the pressure drops quickly to ambient pressure. The valve is closed and after a 
long time the remaining gas returns to ambient temperature at which point the 
pressure is Pj. Develop an expression that allows a determination of the ratio of 

specific heats, k, in terms of the pressures. 


C.V.: air remaining in tank. 

First part of the process is an isentropic expansion s = constant. 

k-1 

Pl,To^Po,T, T,/To =(Po/Pl) k 

Second part of the process is a const, vol. heat transfer. Pg, P 2 , Tg 





In (Pi/Pq) 

In (P 1 /P 2 ) 
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Solutions using the Pr and vr functions in Table A.7.2 

8.88 

A piston/cylinder setup contains air at 100 kPa, 400 K which is compressed to a 
final pressure of 1000 kPa. Consider two different processes (i) a reversible 
adiabatic process and (ii) a reversible isothermal process. Show both processes in 
P-v and a T-s diagram. Find the final temperature and the specific work for both 
processes. 

Solution: 

C.V. Air, control mass of unknown size and mass. 

Energy Eq.5.11: U 2 - ui = iq 2 - 1 W 2 

Entropy Eq.8.14: §2 - = j dq/T + 1 S 2 gen 

Process: Reversible 1 S 2 gen = 0 

i) dq = 0 so iq 2 = 0 

ii) T = C so jdq/T=iq 2 /T 

i) Eor this process the entropy equation reduces to: 

S 2 - Sj = 0 + 0 so we have constant s, an isentropic process. 

The relation for air from table A.7.2, constant s becomes 

Pr2 = Prl( P 2 / Pi) = 3.06119 X 10 = 30.6119 
Prom A.7.2 => T 2 = 753,6 K and U 2 = 555.24 kJ/kg 

Prom the energy equation we get the work term 

1 W 2 = Ui - U2 = 286.5 - 555.2 = -268,7 kJ/kg 

ii) Eor this process T 2 = so since ideal gas we get 

U 2 = uj also Sj 2 = Sjj => Energy Eq.: 1 W 2 = iq 2 
Now from the entropy equation we solve for 1^2 

00 P 2 P 2 

1 W 2 = 192 = T(s 2 - si) = T[Sj 2 - Sti - R In = -RT In ^ 

= - 0.287 X 400 In 10 = -264 kJ/kg 
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8.95 

A piston/cylinder, shown in Fig. P8.95, contains air at 1380 K, 15 MPa, with = 

10 cm^, A^,yi = 5 cm2, piston is released, and just before the piston exits the 

end of the eylinder the pressure inside is 200 kPa. If the cylinder is insulated, 
what is its length? How mueh work is done by the air inside? 

Solution; 

C.V. Air, Cylinder is insulated so adiabatie, Q = 0. 

Continuity Eq.: m 2 = = m. 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 = - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = 1 dQ/T + 1 S 2 gen = 0 + 1 S 2 gen 
State 1: (Ti,Pi) State 2: (P 2 , ?) 

So one pieee of information is needed for the ?, assume reversible proeess. 

lS2gen = 0 => § 2 - 81=0 

State 1: Table A.7.1: u^ = 1095.2 kJ/kg, 

Table A.7.2: P^i = 340.53 , v^i = 2.7024 

15000 X lOxlO-'^ 

m-PiVi/RTj- 0 287 x 1380 “ 0-000379 kg 

State 2: P 2 and from Entropy eq.: §2 = 

=> Pr 2 = PrlP2/Pl = 340.53x200/15000 = 4.5404 
Interpolate in A.7.2 to match the Pj .2 value 
T2 = 447K, U2 = 320.85 kJ/kg, y,2 = 65.61 

^ y2 = ViVr2/Vri = 10 X 65.67 / 2.7024 = 243 cm^ 

^ E 2 = V 2 /Acyl = 243/5 = 48.6 cm 

^ 1 W 2 = ui - U2 = 774.4 kJ/kg, 1 W 2 = miW2 = 0.2935 kJ 

We eould also have done V 2 = Vi (T 2 P 1 /T 1 P 2 ) from ideal gas law and thus 
did not need the vr function for this problem 
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8.107 

A mass of 1 kg of air contained in a cylinder at 1.5 MPa, 1000 K, expands in a 
reversible adiabatic process to 100 kPa. Calculate the final temperature and the 
work done during the process, using 

a. Constant specific heat, value from Table A.5 

b. The ideal gas tables. Table A.7 

Solution; 

C.V. Air. 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - s^) = j dQ/T + ^82 ggn 

Process: iQ 2 = 0, iS 2 gen = 0 => S 2 = Si 

a) Using constant Cp from Table A.5 gives the power relation Eq.8.32. 

ki fO IAO.286 

T 2 = Ti(P2/Pi) k = lOOO^^Y^J = 460.9 K 

1W2 = -(U2 - Ui) = mCvo(Ti - T2) 

= 1 X 0.717(1000 - 460.9) = 386.5 kJ 

b) Use the tabulated reduced pressure function that 
includes variable heat capacity from A.7.2 

Pr2 ^ Prl ^ P 2 /P 1 ^ 91.65 X 6.11 

Interpolation gives T 2 = 486 K and U 2 = 349.4 kJ/kg 
1 W 2 = m(ui - U 2 ) = 1(759.2 - 349.4) = 409.8 kJ 
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8.112 

A piston/cylinder contains air at 300 K, 100 kPa. It is now compressed in a 
reversible adiabatic process to a volume 7 times as small. Use constant heat 
eapacity and find the final pressure and temperature, the specifie work and 
speeific heat transfer for the process. 

Solution: Here we use the Vj. function from Table A.7.2 

Expansion ratio: V 2 / v^ = 1/7 

Proeess eq.: Rev. adiabatie and ideal gas gives Pv*^ = C, with n = k 

Vri = 179.49 => Vr2 = Vri V 2 / Vi = 179.49/7 = 25.641 

T 2 = 640.7 K 

P 2 = Pix (T 2 / Ti) X (V 1 /V 2 ) = 100 X (640.7/300) x 7 = 1495 kPa 

Adiabatie: iq 2 = 0kJ/kg 

Polytropic process work term from Eq.8.38 
1 W 2 = -(u2 - ui) = -(466.37 - 214.36) = -252.0 kJ/kg 

Notice: Here the solution is done with variable heat capacity.. 


Table A.7.2: Interpolate 
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Concept Problems 
8.140 

Water at 20 psia, 240 F receives 40 Btu/lbm in a reversible process by heat 
transfer. Which process changes s the most: constant T, constant v or constant P? 



Look at the constant property lines in a T-s diagram, Fig. 8.5. The constant v line 
has a higher slope than the constant P line also at positive slope. Thus both the 
constant P and v processes have an increase in T. As T goes up the change in s is 
smaller. 


The constant T (isothermal) process therefore changes s the most. 


8.141 

Saturated water vapor at 20 psia is compressed to 60 psia in a reversible adiabatic 
process. Find the change in v and T. 

Process adiabatic: dq = 0 
Process reversible: dsgg^ = 0 

Change in s: ds = dq/T + dSgg^ = 0 + 0 = 0 thus s is constant 

Table F.7.2: Tj = 227.96 F, vj = 20.091 ft^/lbm, Si = 1.732 Btu/lbm R 
Table F.7.2 at 60 psia and s = s^ = 1.732 Btu/lbm R 

1 732 - 1 7134 

T = 400 + 40 1 735 _ 1 7134 = 400 + 40 x 0.823 = 432.9 F 
V = 8.353 + (8.775 - 8.353) x 0823 = 8.700 ft^/lbm 
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8.142 

A computer chip dissipates 2 Btu of electric work over time and rejects that as 
heat transfer from its 125 F surface to 70 F air. How much entropy is generated in 
the chip? How much if any is generated outside the chip? 


C.V.l Chip with surface at 125 F, we assume chip state is constant. 


Energy; 

II 

0 

II 

CN 

Entropy; 

S2-Si=0 = - 


^ Qout 1 


lS2ge„l- T 


out 1 


Qout 1 

Tsurf 2genl 


w 


electrical in 


2 Btu 


T 


surf 


(125 +459.7) R 


= 0.0034 Btu/R 


C.V.2 From chip surface at 125 F to air at 70 F, assume constant state. 
Energy; U 2 - Ui = 0 = 1 Q 2 - 1 W 2 = Qout 1 ' Qout 2 


Entropy: 



Qout2 


T 


+ 


air 


1 ^2 gen2 


1 ^2 gen2 


Qout2 Qout 1 


T 


air 


T 


surf 


2 Btu 2 Btu 
529.7 R'584.7 R 


= 0.000 36 Btu/R 





















Sonntag, Borgnakke and Wylen 


8.143 

Two 10 Ibm blocks of steel, one at 400 F the other at 70 F, come in thermal 
contact. Find the final temperature and the total entropy generation in the 
process? 

C.V. Both blocks, no external heat transfer, C from table F.2. 

Energy Eq.; U 2 - Ui = mA(u 2 - ui)a + mB(u 2 - ui)b = 0-0 

= mAC(T2-TAi) +mBC(T2-TBi) 


To = 


^aTai + “IbIbi 1 


1 


mA + mB 


2 "'"At 2 235 F 


Entropy Eq.; S 2 - Si = mA(s 2 - Si)a + mB(s 2 - Si)b = 1 S 2 

T2 T2 

1S2 gen = “IaC In + meC In j 

i 


gen 


B 1 


. 235 +459.7 . 235 +459.7 

= 10 X 0.11 In ^QQ y + 10 X 0.11 In 

= -0.2344 + 0.2983 = 0.0639 Btu/R 



529.7 
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8.144 

One Ibm of air at 540 R is mixed with one Ibm air at 720 R in a proeess at a 
eonstant 15 psia and Q = 0. Find the final T and the entropy generation in the 
process. 


C.V. All the air. 

Energy Eq.; U 2 - 01^ = 0 - W 
Entropy Eq.; 82-81 = 0 + 182 gen 
Process Eq.: P = C; W = P(V 2 -Vi) 

Substitute W into energy Eq. 




U2 - Ui + W = U2 - Ui + P(V 2 - Vi) = H2 - Hi = 0 


Due to the low T let us use constant specific heat 

H 2 - Hi = mA(h2 - hi)A + mB(h2 - hi)B 

= mACp(T2 - Tai) + mBCp(T2 - Tbi) = 0 


To = 


mAlAi + mBlBi 1 


mA + mB 


1 


“ 2^A.1 -630R 


Entropy change is from Eq. 8.25 with no change in P and Table P.4 for C 


P 


1 ^2 gen 


T2 T2 

= 82 - 81 = mACp In j + mBCp In j 


At 

630 630 

= 1 X 0.24 In ttt: + 1 X 0.24 In 




540 


= 0.037 - 0.032 = 0.005 Btu/R 


720 


Remark; If you check the volume does not change and there is no work. 
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8.145 

One Ibm of air at 15 psia is mixed with one Ibm air at 30 psia, both at 540 R, in a 
rigid insulated tank. Find the final state (P, T) and the entropy generation in the 
process. 


C.V. All the air. 

Energy Eq.: U 2 - 01^ = 0-0 

Entropy Eq.; 82-81 = 0 + 182 gen 
Process Eqs.: V = C; W = 0, Q = 0 
States A1,B1; UAi=ugi 

Va = i^aRTi/Pai; Vg = mgRTi/Pgi 



U 2 - Ui - m2U2 - m^UAi - mgugi - 0 ^ U 2 - (u^i + ugi)/2 - u^i 

State 2: T 2 = Tj = 540 R (from U 2 ); m 2 = m^ + mg = 2 kg; 

V 2 = m2RTi/P2 = + Vg = m^RTi/P^i + mgRTi/Pgi 

Divide with m^RT 1 and get 


2/P2 = 1/Pai + i/Pbi + 


P 2 = 20 psia 


Entropy change from Eq. 8.25 with the same T, so only P changes 

P2 P2 

= S 2 - Si = -m^R In ^—- mgR In p 

A.1 


1 ^2 gen 


B1 


20 


20 


= - 1 X 53.34 [ In YJ + In ^ ] 

= -53.34 (0.2877 - 0.4055) = 6.283 Ibf-ft/R = 0.0081 Btu/R 
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8.146 

A window receives 600 Btu/h of heat transfer at the inside surface of 70 F and 
transmits the 600 Btu/h from its outside surface at 36 F continuing to ambient air 
at 23 F. Find the flux of entropy at all three surfaces and the window’s rate of 
entropy generation. 


Flux of entropy: 



• 600 Btu 

^inside ~ 529 7 h-R ~ Btu/h-R 

• 600 Btu 

^win ~ 495.7 h-R ~ Btu/h-R 

600 Btu 


S 


amb 482.7 h-R 


= 1.243 Btu/h-R 


Window 


Inside 


N 


70 F 


Outside 




'36 F 23 F 


Window only: Sgg^ win ^ “ Sj^side ^ 1-21 “ 1-133 = 0,077 Btu/h-R 

If you want to include the generation in the outside air boundary layer where T 

changes from 36 F to the ambient 23 F then it is 

Sgentot = Samb “ Sjnside = 1-243 - 1.133 = 0.11 Btu/h-R 
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Entropy, Clausius 
8.147 

Consider the steam power plant in Problem 7.100E and show that this cyele 
satisfies the inequality of Clausius. 

Solution: 

Show Clausius: 

For this problem we 

Boiler: 

Condenser: 

'■dg^ ^ 

J T “ Th ■ 

= 0.6024 - 1 .0357 = -0.433 Btu/s R < 0 OK 


fdg 

T 


< 0 


have two heat transfer terms: 

1000 Btu/s at 1200 F = 1660 R 
580 Btu/s at 100 F= 560 R 

1 ^ ^ 

Tl “ 1660 ■ 560 
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8.148 

Find the missing properties and give the phase of the substanee 

a. H 2 O 5 = 1.75 Btu/lbm R, P = 4 Ibf/in.2 h = lT=lx = 7 

b. H 2 O M= 1350 Btu/lbm,P= 1500 lbmn.2 T=lx = ls = l 

c. R-22 r=30F,R = 601bf/in.2 s = lx = l 

d. R-134a r=10F,x = 0.45 v = ls = l 

e. NH^ r = 60 F, 5 = 1.35 Btu/lbm R u = l x = l 


a) Table F.7.1; s < Sg so 2 phase T = Tsjjt(P) = 152.93 F 

X = (s - Sf)/Sfg = (1.75 - 0.2198)/!.6426 = 0.9316 

h = 120.9 + 0.9316x1006.4 = 1058.5 Btu/lbm 

b) Table F.7.2, x = undefined, T = 1020 F, s = 1.6083 Btu/lbm R 

e) Table F.9.1, x = undefined, Sg(P) = 0.2234 Btu/lbm R, T^^j = 22.03 F 

s = 0.2234 + (30 - 22.03) (0.2295 - 0.2234) / (40 - 22.03) 
= 0.2261 Btu/lbm R 

d) Table F.10.1 v = Vf + xvfg = 0.01202 + 0.45x1.7162 = 0.7843 ft^/lbm, 

s = Sf + xsfg = 0.2244 + 0.45x0.1896 = 0.3097 Btu/lbm R 

e) Table F.8.1; s > Sg so superheated vapor Table F.8.2: x = undefined 

P = 40 + (50-40)x(l.35-1.3665)/(l.3372-1.3665) = 45.6 psia 

Interpolate to get v = 6.995ft^/lbm, h = 641.0 Btu/lbm 

144 

u = h - Pv = 641.0 - 45.6 x 6.995 x = 581.96 Btu/lbm 
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Reversible Processes 
8.149 

In a Carnot engine with water as the working fluid, the high temperature is 450 F 
and as Ql is reeeived, the water ehanges from saturated liquid to saturated vapor. 

The water pressure at the low temperature is 14.7 Ibf/in.^. Find Tl, eyele thermal 

effieieney, heat added per pound-mass, and entropy, 5 , at the beginning of the heat 
rejeetion process. 



Constant T 


constant P from 1 to 2 Table F.8.1 


qH = lTds = T(s2-Si) = Tsfg 

= h 2 - hj = hfg = 775,4 Btu/lbm 
States 3 & 4 are two-phase Table F.8.1 

^ Tl = T 3 = T 4 = 212 F 


212 + 459.67 

Pcycle ~ 1 ■ Tl/Tj3 - 1 - ^ 459 57 ~ 0,262 

Table F.8.1; S 3 = S 2 = Sg(TH) = 1,4806 Btu/lbm R 
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8.150 

Consider a Carnot-cycle heat pump with R-22 as the working fluid. Heat is 
rejeeted from the R-22 at 100 F, during which process the R-22 changes from 
saturated vapor to saturated liquid. The heat is transferred to the R-22 at 30 F. 

a. Show the cycle on a T-s diagram. 

b. Find the quality of the R-22 at the beginning and end of the isothermal heat 

addition process at 30 F. 

c. Determine the coefficient of performance for the cycle. 


a) T 



s 


Table F.9.1 

b) State 3 is saturated liquid 
S 4 = S 3 = 0.0794 Btu/lbm R 

= 0.0407+ X4(0.1811) 

X 4 = 0.214 

State 2 is saturated vapor 
Sj = S 2 = 0.2096 Btu/lbm R 

= 0.0407+ xi(0.1811) 

xi = 0.9326 


c) P' = 


flH 

Win 



559.67 

100-30 


7.995 
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8.151 

Do Problem 8.150 using refrigerant R-134a instead of R-22. 



b) Table F. 10.1 

State 3 is saturated liquid 
S 4 = S 3 = 0.2819 Btu/lbm R 

= 0.2375 + X4(0.1749) 

X 4 = 0,254 

State 2 is saturated vapor 
Sj = S 2 = 0.4091 Btu/lbm R 

= 0.2375 +xi(0.1749) 

xi = 0.9811 


c) P' = 


Oh 

Win 



559.67 

100-30 


7.995 
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8.152 

Water at 30 Ibf/in.^, x = 1.0 is compressed in a piston/cyUnder to 140 Ibf/in.^, 600 
F in a reversible process. Find the sign for the work and the sign for the heat 
transfer. 

Solution: 

1 W 2 = ! P dv so sign dv 

iq 2 = I T ds so sign ds 


Table F.7.1: Sy = 1.70Btu/lbmR 

Table F.7.2: S 2 = 1.719 Btu/lbm R 
ds >0 : dq = Tds > 0 

dv < 0 : dw = Pdv < 0 


v^ = 13.76 ft^/lbm 

V 2 = 4.41 ft^/lbm => 

=> q is positive 
=> w is negative 


iP 
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8.153 


Two pound-mass of ammonia in a piston/cylinder at 120 F, 150 Ibf/in.^ is 
expanded in a reversible adiabatic process to 15 Ibf/in.^. Find the work and heat 
transfer for this process. 


Control mass Energy Eq.5.11; m(u 2 - u^) = 1 Q 2 - 1 W 2 


Entropy Eq.8.3: 



Process: jQ 2 = 0 , iS 2 ^gen ^ ® ^ ^2 = 81 

State 1: T, P Table P.8.2, uj = 596.6 Btu/lbm, sy = 1.2504 Btu/lbm R 

State 2: P 2 , S 2 ^ 2 phase Table P.8.1 (sat. vapor P.8.2 also) 
Interpolate: Sg 2 = 1.3921 Btu/lbm R, Sf = 0.0315 Btu/lbm R 

X2 = (1.2504-0.0315)/!.3606 = 0.896 , 


U 2 = 13.36 + 0.896 x 539.35 = 496.6 Btu/lbm 
1 W 2 = m (uj - U 2 ) = 2 X (596.6 - 496.6) = 100 Btu 
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8.154 

A cylinder fitted with a piston eontains ammonia at 120 F, 20% quality with a 

volume of 60 in. . The ammonia expands slowly, and during this process heat is 
transferred to maintain a constant temperature. The process eontinues until all the 
liquid is gone. Determine the work and heat transfer for this process. 



Ti = 120 F, xi = 0.20, Vi = 60 in^ 

T = eonstto X 2 = 1, Table F.8.1: P = 286.5 Ibf/in^ 
vi = 0.02836 + 0.2 x 1.0171 = 0.2318 ft^/lbm 
Si =0.3571 + 0.2 X 0.7829 = 0.5137 Btu/lbm R, 


m = V/v = 


60 

1728x0.2318 


= 0.15 Ibm 


State 2: Saturated vapor, yj ^ 1-045 ft^/lbm, S 2 = 1.140 Btu/lbm R 

Process: T = constant, since two-phase then P = constant 

286.5x144 

lW 2 =- ^ -X 0.15 X (1.045 -0.2318) = 6.47 Btu 

1 Q 2 = 579.7 X 0.15(1.1400 - 0.5137) = 54.46 Btu 


-or - hi = 178.79 + 0.2 x 453.84 = 269.56 Btu/lbm; h 2 = 632.63 Btu/lbm 

1 Q 2 = m(h 2 - hi) = 0.15(632.63 - 269.56) = 54.46 Btu 
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8.155 

One pound-mass of water at 600 F expands against a piston in a cylinder until it 
reaches ambient pressure, 14.7 IbFin.^, at which point the water has a quality of 
90%. It may be assumed that the expansion is reversible and adiabatic. 

a. What was the initial pressure in the cylinder? 

b. How much work is done by the water? 

Solution; 

C.V. Water. Process: Rev., Q = 0 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 = - 1 W 2 

Entropy Eq. 8 .3: m(s 2 - s^) = j dQ/T 

Process; Adiabatic Q = 0 and reversible => §2 = 81 

State 2: P 2 = 14.7 Ibf/in^, X 2 = 0.90 from Table P.7.1 

S 2 = 0.3121 + 0.9 X 1.4446 = 1.6123 Btu/lbm R 

U 2 = 180.1 + 0.9 X 897.5 = 987.9 Btu/lbm 
State 1 Table P.7.2: atTi = 600P, Si = S 2 

^ Pi = 335 Ibf/in^ ui = 1201.2 Btu/lbm 

Prom the energy equation 

1 W 2 = m(ui - U 2 ) = 1(1201.2 - 987.9) = 213.3 Btu 
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8.156 

A closed tank, V = 0.35 ft^, containing 10 Ibm of water initially at 77 F is heated 
to 350 F by a heat pump that is receiving heat from the surroundings at 77 F. 
Assume that this process is reversible. Find the heat transfer to the water and the 
work input to the heat pump. 

C.V.: Water from state 1 to state 2. 

Process: constant volume (reversible isometric) 

1: vi =V/m = 0.35/10 = 0.035 ft^/lbm ^ xi = 2.692x10'^ 

VLi = 45.11 Btu/lbm, Sj = 0.08779 Btu/lbm R 

Continuity eq. (same mass) and constant volume fixes V 2 

State 2: T 2 , V 2 = vi ^ X 2 = (0.035 - 0.01799) / 3.3279 = 0.00511 

U 2 = 321.35 + 0.00511x788.45 = 325.38 Btu/lbm 

S 2 = 0.5033 + 0.00511 x 1.076 = 0.5088 Btu/lbm R 

Energy eq. has zero work, thus provides heat transfer as 

1 Q 2 = m(u 2 - ui) = 10(325.38 - 45.11) = 2802.7 Btu 


Entropy equation for the total control volume gives 
for a reversible process: 

m(s2 - si) = Ql/Tq 
^ Ql = mTo(s2 - si) 

= 10(77 + 459.67)(0.5088 - 0.08779) 

= 2259.4 Btu 

and the energy equation for the heat pump gives 

Whp = 1 Q 2 - Ql = 2802.7 - 2259.4 = 543.3 Btu 
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8.157 

A cylinder containing R-134a at 60 F, 30 Ibf/in.^, has an initial volume of 1 ft^. A 
piston compresses the R-13 4a in a reversible, isothermal process until it reaches 
the saturated vapor state. Calculate the required work and heat transfer to 
accomplish this process. 

Solution; 

C.V. R-134a. 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.;5.11 m(u 2 - ui) = 1 Q 2 - 1 W 2 
Entropy Eq.8.3; m(s 2 - s^) = j dQ/T + ^82 gen 
Proeess; T = eonstant, reversible so ^82 ggn = 0 

State 1: (T, P) Table F.10.2 u^ = 168.41 Btu/lbm, s^ = 0.4321 Btu/lbm R 

m = V/vi = 1/1.7367 = 0.5758 Ibm 


State 2: (60 F sat. vapor) 
Table F. 10.1 
U 2 = 166.28 Btu/lbm, 

S 2 = 0.4108 Btu/lbm R 




As T is constant we can find Q by integration as 

1 Q 2 = /Tds = mT(s 2 - si) = 0.5758 x 519.7 x (0.4108 - 0.4321) = -6.374 Btu 

The work is then from the energy equation 

1 W 2 = m(ui - U 2 ) + 1 Q 2 = 0.5758 x (168.41 - 166.28) - 6.374 = -5.15 Btu 
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8.158 

A rigid, insulated vessel eontains superheated vapor steam at 450 Ibf/in.^, 700 F. 
A valve on the vessel is opened, allowing steam to eseape. It may be assumed that 
the steam remaining inside the vessel goes through a reversible adiabatic 
expansion. Determine the fraction of steam that has escaped, when the final state 
inside is saturated vapor. 

C.V.: steam remaining inside tank. Rev. & Adiabatic (inside only) 

Cont.Eq.: m 2 = m^ = m ; Energy Eq.: m(u 2 - u^) = iQ 2 - 1 W 2 

Entropy Eq.; m(s 2 - s^) = 1 dQ/T + 1 S 2 gen = 0 + 0 



V s 


State 1; Table E.7.2 vj = 1.458 fr/lbm, s^ = 1.6248 Btu/lbmR 

State 2; Table E.7.1 S 2 = = 1.6248 Btu/lbm R= Sg at P 2 

^ P 2 = 76.67 Ibf/in^, V 2 = v„ = 5.703 ft^/lbm 


me mi - m 2 r^_ 1.458 

mj m^ ’ m^ ’ V 2 '5.703 


0.744 
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Entropy Generation 


8.159 

An insulated cylinder/piston contains R-134a at 150 Ibf/in. , 120 F, with a volume 

of 3.5 ft . The R-134a expands, moving the piston until the pressure in the 

cylinder has dropped to 15 Ibf/in. . It is claimed that the R-134a does 180 Btu of 
work against the piston during the process. Is that possible? 

Solution; 

C.V. R-134a in cylinder. Insulated so assume Q = 0. 

State 1; Table F.10.2, v^ = 0.3332 ft^/lbm, u^ = 175.33 Btu/lbm, 

Si = 0.41586 Btu/lbm R, m = Vj/vi = 3.5/0.3332 = 10.504 Ibm 
Energy Eq.5.11: m(u 2 - u^) = 1 Q 2 - 1 W 2 = 0 - 180 ^ 

U 2 = Ui - iW 2 /m = 158.194 Btu/lbm 


State 2: P 2 , U 2 


Table E.10.2; T 2 =-2 E ; S 2 = 0.422 Btu/lbm R 


Entropy Eq.8.14: 


^^(^2 ■ ^1) J'dQ/T + 1S2 gen 1 ^ 2 ,gen 


lS 2 ,gen = m(s 2 - = 10.504 (0.422 - 0.41586) = 0.0645 Btu/R 


This is possible since 


1^2 gen 
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8.160 

A mass and atmosphere loaded piston/cylinder contains 4 Ibm of water at 500 
Ibhin.^, 200 F. Heat is added from a reservoir at 1200 F to the water until it 
reaches 1200 F. Find the work, heat transfer, and total entropy production for the 
system and surroundings. 

Solution: 

C.V. Water out to surroundings at 1200 F. This is a control mass. 

Energy Eq.5.11: U 2 - Ui = 1 Q 2 - 1 W 2 

Entropy Eq.8.14: m(s 2 - Si) = /dQ/T + 1 S 2 ge„ = iQ 2 /Tres + 1 S 2 gen 

Process: P = constant so 1 W 2 = P(V 2 - V^) = mP(v 2 - v^) 

State 1: Table P.7.3, = 0.01661 ft^/Ibm 

h^ = 169.18 Btu/lbm, s^ = 0.2934 Btu/lbm R 

State 2: Table P.7.2, V 2 = 1.9518 ft^/lbm, h 2 = 1629.8 Btu/lbm, 

S 7 = 1.8071 Btu/lbm R 



Work is found from the process (area in P-V diagram) 

1 W 2 = mP(v 2 - vi) = 4 X 500(1.9518 -0.01661)^=716.37 Btu 

The heat transfer from the energy equation is 

1Q2 = U2 - Ui + 1W2 = m(u 2 - ui) + mP(v 2 - vi) = m(h 2 - hi) 

1 Q 2 = 4(1629.8 - 169.18) = 5842.48 Btu 
Entropy generation from entropy equation (or Eq.8.18) 


1 Q 2 


5842.48 


1 S 2 gen = in(s 2 - Si) -j =4(1.8071 - 0.2934) ' 3 ^ 59 ^= 2.535 Btu/R 
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8.161 

A 1 gallon jug of milk at 75 F is placed in your refrigerator where it is eooled 
down to the refrigerators inside temperature of 40 F. Assume the milk has the 
properties of liquid water and find the entropy generated in the eooling process. 

Solution; 

C.V. Jug of milk. Control mass at eonstant pressure. 

Continuity Eq.: m 2 = m^ = m ; 

Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 
Entropy Eq.8.14: m(s 2 - s^) = j dQ/T + ^82 gen 

State 1: Table E.7.1; vj = Vf= 0.01606 ft^/lbm, h^ = hf= 43.085 Btu/lbm; 

Sf = 0.08395 Btu/lbm R 

State 2; Table E.7.1; h 2 = hf = 8.01 Btu/lbm, S 2 = Sf = 0.0162 Btu/lbm R 
Proeess; P = constant =14.7 psia => 1 W 2 = rnP(v 2 - v^) 

Vi = 1 Gal = 231 in3 => m = 231 / 0.01606 x 123 = 8.324 Ibm 
Substitute the work into the energy equation and solve for the heat transfer 

1 Q 2 = m(h 2 - hi) = 8.324 (8.01 - 43.085) = -292 Btu 

The entropy equation gives the generation as 

1^2 gen ~ ^(^2 “ ^l) " lQ 2 /T]-efi-ig 

= 8.324 (0.0162 - 0.08395) - (-292 / 500) 

= - 0.564 + 0.584 = 0.02 Btu/R 



40 F 


AIR 


0 


0 
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8.162 

A cylinder/piston contains water at 30 Ibf/in.^, 400 F with a volume of 1 ft^. The 
piston is moved slowly, compressing the water to a pressure of 120 Ibf/in.^. The 
loading on the piston is such that the product PFis a constant. Assuming that the 
room temperature is 70 F, show that this process does not violate the second law. 

Solution; 

C.V.: Water + cylinder out to room at 70 F 
Energy Eq.5.11; m(u 2 - ui) = 1 Q 2 - 1 W 2 

Entropy Eq.8.14; m(s 2 - Si) = 1 Q 2 / T,oom + 1 S 2 gen 

Process: PV = constant = Pmv ^ V 2 = P 1 V 1 /P 2 

1W2 = /Pdv = PjVj ln(v2/vi) 


State 1; Table B.1.3, v^ = 16.891 fr/lbm, u^ = 1144 Btu/lbm, 

Sj = 1.7936 Btu/lbm R 

State 2; P 2 , V 2 = P 1 V 1 /P 2 = 30 x 16.891/120 = 4.223 ft^/lbm 

Table P.7.3: T 2 = 425.4 P, U 2 = 1144.4 Btu/lbm, S 2 = 1.6445 Btu/lbmR 

144 4.223 

1 W 2 = 30 X 16.891 X In (jg gqp = -130.0 Btu 
iq 2 = U 2 - uj + 1 W 2 = 1144.4 - 1144 - 130 = -129.6 Btu/lbm 


1S2 


gen 


192 .. 129.6 

^2 ■ ^1 ■ T-^ ^ .6445 - 1.7936 -l- 

^room jZy.O/ 


= 0.0956 Btu/lbm R > 0 satisfy 2— law. 
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8.163 

One pound mass of ammonia (NH 3 ) is contained in a linear spring-loaded 

piston/cyUnder as saturated liquid at 0 F. Heat is added from a reservoir at 225 F 
until a final condition of 125 Ibf/in.^, 160 F is reached. Find the work, heat 
transfer, and entropy generation, assuming the process is internally reversible. 

Solution; 


C.V. = NH 3 out to the reservoir. 

Continuity Eq.: m 2 = m 3 = m 

Energy Eq.5.11; E 2 - E^ = m(u 2 - ui) = 1 Q 2 - 1 W 2 


Entropy Eq.8.14; 


S 2 - S 1 = JdQ/T + 1 S 2 „„ 


lQ2/Tres + lS2,gen 


Process: P = A + BV linear in V => 


1 W 2 = IP dV = y (Pi + P 2 )(V 2 - Vi) = y (Pi + P 2 )m(v 2 - Vi) 


State 1; Table F.8.1 
Pi = 30.4 psia, 

vi = 0.0242 ft^/lbm 
ui = 42.5 Btu/lbm, 

Si = 0.0967 Btu/lbm R 
State 2; Table F.8.2 sup. vap. 



s 


V 2 = 2.9574 ft^/lbm, U 2 = 686.9 - 125x2.9574x144/778 = 618.5 Btu/lbm, 
S 2 = 1.3178 Btu/lbm R 

1 W 2 = y (30.4 + 125)1(2.9574 - 0.0242)x 144/778 = 42.2 Btu 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 1(618.5 - 42.5) + 42.2 = 618.2 Btu 

618 2 

Sgen = ni(s 2 - Si) - iQ2/Tres ^ 1(1-3178 - 0.0967) - ggq y = 0.318 Btu/R 
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Entropy of a Liquid or Solid 


8.164 

A foundry form box with 50 Ibm of 400 F hot sand is dumped into a bucket with 2 
ft^ water at 60 F. Assuming no heat transfer with the surroundings and no boiling 
away of liquid water, calculate the net entropy change for the process. 

C.V. Sand and water, P = const. 

Energy Eq.; ' ui)sand + mn 0(^2 ' ui)h o = -^(^2 - V 1 ) 


^sand^^sand ^ 


2 


m 


H 2 O 0.016035 


= 124.73 Ibm 


50 X 0.19(12 - 400) + 124.73 x 1.0(12 - 60) = 0, T 2 = 84 E 


AS = 50 X 0.19 X In 


^ 544 ^ 

v860y 


+ 124.73 X 1.0 X In 


r544 
l520y 


= 1.293 Btu/R 


Box holds the sand for 
form of the cast part 
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8.165 

Four pounds of liquid lead at 900 F are poured into a form. It then eools at 
eonstant pressure down to room temperature at 68 F as heat is transferred to the 
room. The melting point of lead is 620 F and the enthalpy change between the 
phases hjf is 10.6 Btu/lbm. The specific heats are in Table F.2 and F.3. Calculate 

the net entropy change for this process. 

Solution; 

C.V. Lead, constant pressure process 

’^Pb (^2 ■ i^l)pb ^ 1 Q 2 ■ ^(^2 ■ ^l) 

We need to find changes in enthalpy (u + Pv) for each phase separately and 
then add the enthalpy change for the phase change. 

Ciiq = 0.038 Btu/lbm R, Cgoi = 0.031 Btu/lbm R 

Consider the process in several steps: 

Cooling liquid to the melting temperature 
Solidification of the liquid to solid 
Cooling of the solid to the final temperature 

1 Q 2 = nipb(h 2 - hi) = mp^,(h 2 - hg 20 ,sol' ^if + ^ 620 , 1 -^ 900 ) 

= 4 X [0.031 X (68 - 620) - 10.6 + 0.038 x (620 - 900)] 

= -68.45 - 42.4 - 42.56 = -153.4 Btu 

AScv = mpb[Cp ,XT2/1079.7) - (hif/1079.7) + Cp iiqln(1079.7/Ti)] 

527 7 10 6 1079 6 

= 4 X [0.031 In y - y + 0.038 In 12,591 ] =-0.163 Btu/R 

ASsur = - 1 Q 2 /T 0 = 153.4/527.6 = 0.2908 Btu/R 
The net entropy change from Eq.8.18 is equivalent to total entropy generation 
ASjjgt = ^S( 2 v + ASsur = 0,1277 Btu/R 
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8.166 

A hollow steel sphere with a 2-ft inside diameter and a 0.1-in. thick wall contains 
water at 300 Ibf/in.^, 500 F. The system (steel plus water) cools to the ambient 
temperature, 90 F. Calculate the net entropy change of the system and 
surroundings for this process. 

C.V.: Steel + water. This is a control mass. 


Energy Eq.; 


U 2 - - 1 Q 2 - 1 W 2 - m 


H2o(u 2 - ui) + msteei(u2 - Ui) 


Process: V = constant => 1 W 9 = 0 


Vsteel = f [2.0083^ - 2^] = 0.0526 ft^ 

™steel ^ (pV)steel ^ “^^O x 0.0526 = 25.763 Ibm 


Vh 20 = ^/6x 23 = 4.189 ft^ 


mH 20 ^ V/v = 2.372 Ibm 


X 2 = 3.74x10'^ 


V2 = vi = 1.7662 = 0.016099+ X2 X 467.7 ^ 

U 2 = 61.745 Btu/lbm, S 2 = 0.1187 Btu/lbm R 

1 Q 2 = ^Usteei+AU h^o = (niC)steei(T 2 -Ti) + mH 2 o(u 2 “ 

= 25.763 X 0.107(90-500)+ 2.372(61.74- 1159.5) 

= -1130-2603.9 = -3734 Btu 

ASsys = ASsteel + ASh 20 = 25.763 x 0.107 x ln(550/960) 

+ 2.372(0.1187 - 1.5701) = -4.979 Btu/R 
ASsur = - Q 12 /TSUR = 3734/549.67 = 6.793 Btu/R 

^Snet = Sgenjot ^ ^SsYs + ^SsuR = 1.814 Btu/R 
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Entropy of Ideal Gases 


8.167 

Oxygen gas in a piston/cyUnder at 500 R and 1 atm with a volume of 1 ft is 
eompressed in a reversible adiabatic process to a final temperature of 1000 R. 
Find the final pressure and volume using constant heat capacity from Table F.4. 

Solution; 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq.5.11; U 2 - u^ = 0 - 1 W 2 ; 

Entropy Eq.8.14: S 2 - = j dq/T + 1 S 2 gen = 0 

Process: Adiabatic iq 2 = 0 Reversible iS2gen^0 

Properties: Table P.4; k= 1.393 

With these two terms zero we have a zero for the entropy change. So this is a 
constant s (isentropic) expansion process. Prom Eq.8.32 

k 

P 2 = Pi( T 2 / = 14.7 (1 000/500)^= 171.5 psia 


Using the ideal gas law to eliminate P from this equation leads to Eq.8.33 


1 


V2 = Vi(T2/Ti)^-’"=1x 


nooo 

1 500 


1 


1 - 1.393 ^ 


/ 
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8.168 


Oxygen gas in a piston/cyUnder at 500 R and 1 atm with a volume of 1 ft is 
compressed in a reversible adiabatic process to a final temperature of 1000 R. 
Find the final pressure and volume using Table F. 6 . 

Solution; 

C.V. Air. Assume a reversible, adiabatic process. 

Energy Eq.5.11: U 2 - u^ = 0 - 1 W 2 ; 

Entropy Eq.8.14; S 2 - = j dq/T + 1 S 2 gen = 0 


Process: Adiabatic iq 2 = 0 Reversible iS2gen^0 

With these two terms zero we have a zero for the entropy change. So this is a 
constant s (isentropic) expansion process. Erom Eq.8.28 



Properties: Table P. 6 : s°j =48.4185/31.999 = 1.5131 Btu/lbmR, 


sL = 53.475/31.999= 1.6711 Btu/lbmR 


P2 

^ = exp [(s;^ 


ovm- ; 1-6711-1.5131 

6 xp( 2 g/ 77 g ) 12.757 


P 2 = 14.7 X 12.757 = 187.5 psia 
Ideal gas law: PiVi=mRTi and P 2 V 2 = mRT 2 

Take the ratio of these so mR drops out to give 

V 2 = Vi X (T 2 / Ti) X (Pi / P 2 ) = 1 X (^) X ( 3 ^) = 0.157 ft^ 
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8.169 

A handheld pump for a bicycle has a volume of 2 inP when fully extended. You 
now press the plunger (piston) in while holding your thumb over the exit hole so 
an air pressure of 45 Ibf/in.^ is obtained. The outside atmosphere is at P^, T^. 
Consider two cases: (1) it is done quickly (~1 s), and (2) it is done slowly (~1 h). 

a. State assumptions about the process for each case. 

b. Find the final volume and temperature for both cases. 

Solution: 


C.V. Air in pump. Assume that both cases result in a reversible process. 


State 1: Pq, Tq 


State 2: 45 Ibf/in.^, ? 


One piece of information must resolve the ? for a state 2 property. 
Case I) Quickly means no time for heat transfer 

Q = 0, so a reversible adiabatic compression. 

U2 - Ui = -1W2 ; S2 - Si = j dq/T + 1S2 gen = 0 

With constant s and constant heat capacity we use Eq.8.32 


k-1 

T2 = Ti(P2/Pi)'" =536.7 


/ 


45 




V 


14.696 


OA 

1.4 


= 738.9 R 


7 


Use ideal gas law PV = mRT at both states so ratio gives 


• 3 


=> V 2 = P 1 V 1 T 2 /T 1 P 2 = 0.899 in 


Case II) Slowly, time for heat transfer so T = constant = Tq. 

The process is then a reversible isothermal compression. 

T 2 = To = 536.7 R => V 2 = V 1 P 1 /P 2 = 0.653 in^ 


iP 




V 


s 
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8.170 

A piston/cylinder contains air at 2500 R, 2200 Ibf/in.^, with = 1 in.^, = 1 

in.^ as shown in Fig. P8.95. The piston is released and just before the piston exits 
the end of the cylinder the pressure inside is 30 Ibf/in.^. If the eylinder is 
insulated, what is its length? How much work is done by the air inside? 

Solution; 

C.V. Air, Cylinder is insulated so adiabatie, Q = 0. 

Continuity Eq.; m 2 = = m. 

Energy Eq.5.11: m(u 2 - ui) = 1 Q 2 - 1 W 2 = - 1 W 2 

Entropy Eq.8.14; m(s 2 - s^) = j dQ/T + ^82 gen ^ 0 + 1^2 gen 

State 1: (Ti,Pi) State 2: (P 2 , ?) 

So one pieee of information is needed for the ?, assume reversible process. 

lS2gen = 0 => S2-Si=0 


State 1; 


Table F.5: uj = 474.33 Btu/lbm, s°, = 2.03391 Btu/lbm R 


T 1 


2200 x 1.0 

m“PlVl/RTi-53 34 x 2500 x 12“ ^ 

State 2; P 2 and from Entropy eq.: S 2 = so from Eq.8.28 

P 2 53 34 30 

s °2 = s°j + R In^ = 2.03391 +^^ln(^^)= 1.73944 Btu/lbm R 

Now interpolate in Table F.5 to get T 2 

T 2 = 840 + 40 (1.73944 - 1.73463)/(1.74653 - 1.73463) = 816.2 R 
U 2 = 137.099 + (144.114 - 137.099) 0.404 = 139.93 Btu/lbm 


Vt = V 


T2P1 

1 T1P2 


1 x 816.2 x 2200 _^ 

——TT— = 23,94 in'’ 
2500 X 30 


^ L 2 = V 2 /Acyl = 23.94/1 = 23.94 in 

1 W 2 = m(ui - U 2 ) = 1.375 X 10-^474.33 - 139.93) = 0.46 Btu 
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8.171 

A 25-ft^ insulated, rigid tank contains air at 110 Ibf/in.^, 75 F. A valve on the tank 
is opened, and the pressure inside quickly drops to 15 Ibf/in.^, at which point the 
valve is closed. Assuming that the air remaining inside has undergone a reversible 
adiabatic expansion, calculate the mass withdrawn during the process. 


C.V.: Air remaining inside tank, m 2 . 

Cont.Eq.; m 2 = m ; Energy Eq.: m(u 2 - u^) = 1 Q 2 - 1 W 2 
Entropy Eq.; m(s 2 - s^) = j dQ/T + 1 S 2 gen = 0 + 0 




S2 = Si ^ T 2 = Ti(P2/Pi)ir = 535 (15/110)®'^^^ = 302.6 R 
mi = PiV/RTi = 110 X 144 X 25 /(53.34 x 535) = 13.88 Ibm 
m 2 = P 2 V/RT 2 = 15 X 144 X 25 /(53.34 x 302.6) = 3.35 Ibm 
mg = mi - m 2 = 10,53 Ibm 
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8.172 

A rigid container with volume 7 ft^ is divided into two equal volumes by a 
partition. Both sides contain nitrogen, one side is at 300 Ibf/in.^, 400 F, and the 
other at 30 Ibf/in.^, 200 F. The partition ruptures, and the nitrogen comes to a 
uniform state at 160 F. Assume the temperature of the surroundings is 68 F, 
determine the work done and the net entropy change for the process. 

Solution; 

C.V.:A + B Control mass no change in volume => lW2 = 0 

niAl = PaiVai/RTai = 300x144x 3.5 /(55.15 x 859.7) = 3.189 Ibm 


mBl = PbiVbi/RTbi = 30x144x 3.5 / (55.15x 659.7) = 0.416 Ibm 
P2 = mTOTRT2/VTOT = 3.605 X 55.15 x 619.7/(144 x 7) = 122.2 Ibf/in^ 


ASsyst = 3.189 [0.249 In 


619.7 55.15 
859.7" 778 


122.2 

300 ] 


+ 0.416 [0.249 In 


619.7 55.15 

659.7 " 778 



= -0.0569 - 0.0479 = -0.1048 Btu/R 


1Q2 = mAi(u2 - ui) + mBi(u2 - ui) 

= 3.189 X 0.178(160 - 400) + 0.416 x 0.178(160 - 200) = -139.2 Btu 
^SsuRR = - 1 Q 2 /T 0 = 139.2 / 527.7 = +0.2638 Btu/R 


ASnet = -0.1048 + 0.2638 = +0.159 Btu/R 
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8.173 

Nitrogen at 90 Ibf/in.^, 260 F is in a 20 ft^ insulated tank connected to a pipe with 
a valve to a second insulated initially empty tank of volume 20 ft^. The valve is 
opened and the nitrogen fills both tanks. Find the final pressure and temperature 
and the entropy generation this process causes. Why is the process irreversible? 

C.V. Both tanks + pipe + valve. Insulated ; Q = 0, Rigid; W = 0 

m(u 2 - ui) = 0 - 0 => U 2 = ui = Uai 

Entropy Eq.; m(s 2 - Si) = j dQ/T + 183 gen = i §2 gen 

State 1: => Ideal gas 

m = PV/RT = (90 X 20 X 144)/ (55.15 x 720) = 6.528 Ibm 

2 :V 2 = Va +V^ ; uniform final state V 2 =V 2 /m ; U 2 =Uai 


iP At „ 



V s 


Ideal gas u (T) => U 2 = u^i => T 2 = = 720 R 

P 2 = mR T 2 / V 2 = (Vi / V 2 ) Pi = 14 X 90 = 45 Ibf/in.^ 

Sgen = m(s 2 - Si) = m - Syi® - R In (P 2 / Pi ) 

= m (0 - R In (P 2 / Pi ) = -6.528 x 55.15 x (l/778)ln F 2 = 0.32 Btu/R 
Irreversible due to unrestrained expansion in valve P X but no work out. 
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If not a uniform final state then flow until P2b = ^2a valve is elosed. 
Assume no Q between A and B 

ma2 + = mai ; ma2 Va2 + 111^2 Vb2 = niaiVai 

^a2 ^a2 ^b2 ^b2 ‘ ^al^al “ 0 + 1 S 2 gen 

Now we must assume ma2 went through rev adiabatic expansion 

1) V 2 = ma 2 Va 2 + mb 2 Vb 2 ; 2)Pb2 = Pa 2 i 3) Sa 2 = s^i ; 4) Energy eqs. 
4 Eqs 4 unknowns : P 2 ,1^2 , Tb 2 , x = ma 2 / nial 
V 2 / mai = X Va 2 + (1 - x) Vb 2 = x x (R 1^2 /P2)+ (1 - x) (R 1^2 / P 2 ) 

ma2 ( Ua2 ' %! ) + mb2 K2 ' %l) = 0 
xCv(Ta2-Tai) + (l-x)(Tb2- 1 ^ 1 ) =0 

X Ta2 + (1 - x)Tb2 = T^i 
P 2 V 2 /maiR= x Ta 2 + (1 - x) Tb 2 = Tai) 

P 2 = mai R Tai / V 2 = ma, R Ta, / 2Va, = !4 Pa, = 45 Ibf/in.^ 

Sa2-Sal => Ta 2 -Ta, (P 2 /Pal)k-">‘= 720 x (l/2)».2857 = 590.6 R 

Now we have final state in A 

Va 2 = R Ta 2 / P 2 ^ 3.0265 ; ma 2 = Va / Va 2 = 3.979 Ibm 

^ ^ ^a2 ! ^al ^ 0.6095 mb2 = niai - ma 2 = 2.549 Ibm 

Substitute into energy equation 

Tb2 = (Tal-x Ta 2 )/(l-x) = 922R 
1 S 2 gen = mb 2 ( Sb2 - Sal) = mb2 ( Cp In (Tb2 / Tai ) - R In (P 2 / Pal ) 

= 2.549 [ 0.249 In (922/720) - (55.15/778) In (1/2) ] 

= 0.2822 Btu/R 
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Polytropic Processes 


8.174 

Helium in a piston/cyUnder at 20°C, 100 kPa is brought to 400 K in a reversible 
polytropic process with exponent n = 1.25. You may assume helium is an ideal 
gas with constant specihc heat. Find the final pressure and both the specific heat 
transfer and specific work. 

Solution; 


C.V. Helium, control mass. 

Process Pv*^ = C 

Ti =70 + 460 = 530R, 

=> 


Cy = 0.744 Btu/lbm R, R = 386 ft Ibf/Ibm R 
& Pv = RT => = C 

T2 = 720 R 

V2/vi=(Ti/T2)l^n-l = 0.2936 


P2/Pi=(vi/v2)'i = 4.63 



= 69.4 lbf/in.2 


lW2 = IP dv = I C v-n dv = (P 2 V2 - Pi Vi) = ^ 


(T2 - Ti) 


386 

= 77 g X ( 0 25) ~ ^ Btu/lbm 

192 = U2 - Ui + 1W2 = Cy (T2 - Ti ) + 1W2 

= 0.744(720 - 530) + (-377) = -235.6 Btu/lbm 
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8.175 

A cylinder/piston contains air at ambient conditions, 14.7 Ibf/in.^ and 70 F with a 
volume of 10 ft^. The air is compressed to 100 Ibf/in.^ in a reversible polytropic 
process with exponent, n = 1.2, after which it is expanded back to 14.7 Ibf/in.^ in 
a reversible adiabatic process. 

a. Show the two processes in P-v and T-s diagrams. 

b. Determine the final temperature and the net work. 

c. What is the potential refrigeration capacity (in British thermal units) of 

the air at the final state? 


a) 



2 


3 



b) m = PiVi/RTi = 14.7 x 144 x 10/(53.34 x 529.7 ) = 0.7492 Ibm 


n-1 




T 2 = Ti(P 2 /Pi) n = 529.7 


\ 


100 

14.7 


0.167 


= 729.6 R 


/ 


P 2 V 2 -P 1 V 1 R(T 2 -Ti) 53.34(729.6- 529.7) 

lW2-JPdv- - 778(1 . 1.20) 


1 


= -68.5 Btu/lbm 

k -1 


T 3 = T 2 (P 3 /P 2 ) k = 729.7 


/ 


V 


14.7 

100 


0.286 


= 421.6 R 


y 


2W3 = Cvo(T2 - T 3 ) = 0.171(729.6 - 421.6) = +52.7 Btu/lbm 
Wnet = 0.7492(-68.5 + 52.7) = -11.8 Btu 

c) Refrigeration: warm to Tg at const P, 

Q 31 = mCpo(Ti - T 3 ) = 0.7492 x 0.24(529.7 - 421.6) = 19.4 Btu 
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8.176 


A cylinder/piston contains carbon dioxide at 150 Ibf/in.^, 600 F with a volume of 

1 ft . The total external foree aeting on the piston is proportional to V . This 
system is allowed to cool to room temperature, 70 F. What is the total entropy 
generation for the process? 


State 1: 


Pi = 150 Ibf/in^, Ti = 600 F = 1060 R, Vi = 7 ft^ Ideal gas 


m = 


PlVi 150 x 144 x7 


35.10 X 1060 


RT 


= 4.064 Ibm 


1 


o 'J 

Proeess: P = CV or PV = const, polytropic with n = -3. 


n 


/ 


P2 = Pi(T2/Ti)n-l = 150 


530 




V 


1060 


= 89.2 Ibf/in^ 


y 


1 


Pi T 


= 7x 


150 530 


89.2 1060 


&V2=Vi(Ti/T2)n-l=ViX^XY- 

J. 

P 2 V 2 -P 1 V 1 (89.2 x 5.886 - 150 x 7) 

■ W2°/PdV= -PP3- 


= 5.886 


144 

X -24.3 Btu 


1 Q 2 = 4.064 X 0.158 X (530 - 1060) - 24.3 = -346.6 Btu 


ASgYST — 4.064 X 


/ 


0.203 X In 


V 


530 

1060 


35.10, r89.2" 

In 


y 


778 


V 


150 


yj 


= -0.4765 Btu/R 


^SsuRR = “ 1 Q 2 /TSURR ^ 364.6 / 530 = +0.6879 Btu/R 
ASnet =+0.2114 Btu/R 




Notice: 

n = -3, k = 1.3 

n < k 
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8.177 

A cylinder/piston contains 4 ft^ of air at 16 Ibf/in.^, 77 F. The air is compressed in 
a reversible polytropic process to a final state of 120 Ibf/in.^, 400 F. Assume the 
heat transfer is with the ambient at 77 F and determine the polytropic exponent n 
and the final volume of the air. Find the work done by the air, the heat transfer 
and the total entropy generation for the proeess. 

Solution; 

m = (PiVi)/(RTi) = (16 X 4 X 144)/(53.34 x 537) = 0.322 Ibm 

n-1 ^ 

T 2 /T 1 = (P 2 /P 1 ) n ^ ^ = ln(T2 / TO / ln(P2 / Pi) = 0.2337 

n = 1.305, V 2 = Vi(Pi/P 2 )^^‘' = 4 x( 16/20)1/1.305 = 0.854 ft^ 

^ ^ P 2 V 2 -P 1 V 1 

lW2 = /PdV =-^ 7 ^;^- 

= [(120 X 0.854 - 16 X 4) (144 / 778) ] / (1 - 1.305) = -23.35 Btu / Ibm 

lQ2 = m(u2-ui)+ iW2 = mCv(T2-Ti)+ 1 W 2 

= 0.322 X 0.171 X (400 - 77) - 23.35 = -5.56 Btu / Ibm 

S2-Si= Cpln(T2/Ti)-Rln(P2/Pi) 

= 0.24 In (860/537) - (53.34/778) In (120/16) = -0.0251 Btu/lbm R 

lS2gen = m(S2-Si)- 1 Q 2 /T 0 

= 0.322 X (-0.0251) + (5.56/537) = 0.00226 Btu/R 
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Rates or Fluxes of Entropy 
8.178 

A reversible heat pump uses 1 kW of power input to heat a 78 F room, drawing 
energy from the outside at 60 F. Assume every process is reversible what are the 
total rates of entropy into the heat pump from the outside and from the heat pump 
to the room? 


Solution: 


C.V.TOT. 
Energy Eq.: 

Entropy Eq.: 


Ql+ 

Tl' 


w = Qh 
Qh 


T 


= 0 


H 


. Tl 

Ql - Qh 




s 


Qh 


1 


to room ^ 


H 


Th-Tl 


w = 


1 kW 

78 -60 ( 1 )^ 0 * 0555 ^ 


S 


Ql 


from amb Y 


0 . 0555 ^ = 0 . 053 ®*“ 


L 


T 


H 


R 


sR 


0.053 


Btu 

sR 


Since the process was assumed reversible the two fluxes are the same. 
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8.179 

A farmer runs a heat pump using 2.5 hp of power input. It keeps a chicken 
hatchery at a constant 86 F while the room loses 20 Btu/s to the colder outside 
ambient at 50 F. What is the rate of entropy generated in the heat pump? What is 
the rate of entropy generated in the heat loss process? 

Solution; 


C.V. Hatchery, steady state. 


Power: 


W = 2.5 hp = 2.5 2544.4 / 3600 = 1.767 Btu/s 


To have steady state at 30®C for the hatchery 


Energy Eq.: 0 = - Q 


Loss 


Qh= Qt ... = 20 Btu/s 


Loss 


C.V. Heat pump, steady state 
Energy eq.; 0 = Qj^ + W - Q 


H 


Ql = Qu-W = 18.233 Btu/s 


H 


Entropy Eq.: 0 = 


Ql Qh 


T 


L 


^gen HP 


S 


Qh Ql 20 


gen HP Xt 545.7 509.7 


18.233 

= 0.000 878 


L 


sR 


C.V. Erom hatchery at 86 E to the ambient 50 E. This is typically the walls and 
the outer thin boundary layer of air. Through this goes QL^gg- 


Entropy Eq.: 0 = 


Ql 


OSS 


T 


H 


w 

Qloss ' 

Xamb ^ walls 


Ql 


^gen walls X 


OSS 


Ql 


OSS 


20 


20 


amb 


Th 509.7 545.7 


= 0.00259 


Btu 

sR 
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Review Problems 

8.180 

A cylinder/piston contains 5 Ibm of water at 80 Ibf/in.^, 1000 F. The piston has 
cross-sectional area of 1 ft^ and is restrained by a linear spring with spring 
constant 60 Ibf/in. The setup is allowed to cool down to room temperature due to 
heat transfer to the room at 70 F. Calculate the total (water and surroundings) 
change in entropy for the process. 

State 1; Table F.7.2 = 10.831 ft^/lbm, u^ = 1372.3 btu/lbm, 

s^ = 1.9453 Btu/lbm R 


State 2: T 2 & on line in P-v diagram. 

P = Pi+(VA2yi)(V-Vi) 

Assume state 2 is two-phase, 

=> P 2 = Psat(T2) = 0.3632 lbf/in2 

V 2 = Vi + (P 2 - Pi)A^yi/mk, = 10.831 + (0.3632 - 80)1x12/5x60 

= 7.6455 ft^/lbm = Vf + X 2 Vfg = 0.01605 + X 2 867.579 
X 2 = 0.008793, U 2 = 38.1 + 0.008793x995.64 = 46.85 btu/lbm, 

S 2 = 0.0746 + 0.008793x1.9896 = 0.0921 Btu/lbm R 

lW2=^(Pl + P2)m(V2-Vi) 

= |(80 + 0.3632)(7.6455 - 10.831)^=-118.46 Btu 
1 Q 2 = m(u 2 - ui) + 1 W 2 = 5(46.85 - 1372.3) - 118.46 = -6746 Btu 

^^tot ~ ^gentot ~ ^(^2 ” ^l) ” lQ2^"^room 

= 5(0.0921 - 1.9453) + 6746/529.67 = 3.47 Btu/R 
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8.181 


Water in a piston/cyUnder is at 150 Ibf/in.^, 900 F, as shown in Fig. P8.130. There 
are two stops, a lower one at which F, • = 35 ft and an upper one at F =105 


ft'’. The piston is loaded with a mass and outside atmosphere such that it floats 
when the pressure is 75 Ibhin.^. This setup is now cooled to 210 F by rejecting 
heat to the surroundings at 70 F. Find the total entropy generated in the process. 


C.V. Water. 

State 1; Table F.7.2 = 5.3529 ft^/lbm, u^ = 1330.2 btu/lbm, 

Si = 1.8381 Btu/lbm 
m = V/vi = 105/5.353 = 19.615 Ibm 




State 2: 210 F and on line in P-v diagram. 

Notice the following; Vg(Pfloa() = 5.818 ft^/lbm, = V ^^n /m = 1.7843 

Tsat(Pfloat) = 307.6 F, T2 < Tgat(Pfloat) ^ V?. = Vmin 

State 2; 210 F, V 2 = 


X2 = (1.7843 -0.0167)/27.796 = 0.06359 


U 2 = 178.1 + 0.06359x898.9 = 235.26 btu/lbm, 

S 2 = 0.3091 + 0.06359x1.4507 = 0.4014 btu/lbm R 

. 144 

lW 2 = /PdV = Pfloat(V 2 -Vi) = 75(35 - 105) =-971.72 Btu 

1 Q 2 = m(u 2 - ui) + 1 W 2 = 19.615(235.26 - 1330.2) - 971.72 = -22449 Btu 
Take C.V. total out to where we have 70 F; 


m(S2 - Si) = 1Q2/T0 + Sgen 


22449 


Sgen = m(s2 - Si) - 1 Q 2 /T 0 = 19.615(0.4014 - 1.8381) + ^29.67 


= 14.20 Btu/R ( = AS^ater + ^Ssur ) 
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8.182 


A cylinder with a linear spring-loaded piston eontains earbon dioxide gas at 300 
Ibf/in.^ with a volume of 2 ft^. The deviee is of aluminum and has a mass of 8 
Ibm. Everything (A1 and gas) is initially at 400 F. By heat transfer the whole 
system eools to the ambient temperature of 77 F, at which point the gas pressure 
is 220 Ibf/in.^. Find the total entropy generation for the proeess. 

Solution; 

CO 2 : m = PiVi/RTi = 300 X 2 X 144/(35.10 x 860) = 2.862 ibm 

V 2 = Vi(Pi/P 2 ) (T 2 / Ti) = 2(300/220)(537/860) = 1.703 fP 


1W 2 CO 2 =/ PdV = 0.5(Pi + P 2 ) (V 2 - Vi) 


144 


= [(300 +220)/2] (1.703 = -14.29 Btu 

1 Q 2 CO 2 = mCvo(T 2 -Ti) + 1 W 2 = 0.156X 2.862(77- 400)-14.29 = -158.5 Btu 

1 Q 2 At = mC (T 2 -T 1 ) = 8 X 0.21(77 - 400) = -542.6 Btu 
System: CO 2 + A1 

1 Q 2 = -542.6 - 158.5 = -701.14 Btu 

^SsyST = ™C 02(^2 - Sl)c 02 ’^Al(S 2 " ^OaL 

= 2.862[0.201 in (537/860) - (35.10/778) in (220/300)] 


+ 8x0.21 ln(537/860) =-0.23086 - 0.79117 =-1.022 Btu/R 


AS 


701.14 


SURR 


= -( 1 Q 2 /T 0 ) = + 537 = 1.3057 Btu/R 


ASnet = 1.3057 - 1.022 = +0.2837 Btu/R 
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Concept-Study Guide Problems 


9.1 

In a steady state single flow s is either eonstant or it inereases. Is that true? 
Solution: 



Steady state single flow: 



Entropy ean only go up or stay constant due to Sgg^, but it can go up or 

down due to the heat transfer which can be positive or negative. So if the 
heat transfer is large enough it can overpower any entropy generation and 
drive s up or down. 


9.2 

Which process will make the previous statement true? 
Solution: 

If the process is said to be adiabatic then: 

Steady state adiabatic single flow: Sg = sj + Sgg^ > sj 



A reversible adiabatic flow of liquid water in a pump has increasing P. How about 


T? 

Solution: 

Steady state single flow: 



+ Sggjj — Sj + 0 + 0 


Adiabatic (dq = 0) means integral vanishes and reversible means Sggjj = 0, 

so s is constant. Properties for liquid (incompressible) gives Eq.8.19 

C 

ds = Y dT 


then constant s gives constant T. 
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9.4 

A reversible adiabatic flow of air in a compressor has increasing P. How about T? 


Solution: 

Steady state single flow: 



+ Sggjj — sj + 0 + 0 


so s is constant. Properties for an ideal gas gives Eq.8.23 and for constant 
specific heat we get Eq.8.29. A higher P means a higher T, which is also 
the case for a variable specific heat, recall Eq.8.28 for the standard 
entropy. 



An irreversible adiabatic flow of liquid water in a pump has higher P. How about 


T? 

Solution: 

Steady state single flow: 




— sj + 0 + s 


gen 


SO s is increasing. Properties for liquid (incompressible) gives Eq.8.19 
where an increase in s gives an increasse in T. 


9.6 

A compressor receives R-134a at -10°C, 200 kPa with an exit of 1200 kPa, 50°C. 
What can you say about the process? 

Solution: 


Properties for R-134a are found in Table B.5 

Inlet state: sj = 1.7328 kJ/kg K 

Exit state: 


Sg = 1.7237 kJ/kg K 


r. 


Steady state single flow: 


Sg = Si + 


1 


dq 

T 


+ s 


gen 


Since s decreases slightly and the generation term can only be positive, 
it must be that the heat transfer is negative (out) so the integral gives a 
contribution that is smaller than -Sggj^. 
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9.7 

An air compressor has a significant heat transfer out. See Example 9.4 for how 
high T becomes if no heat transfer. Is that good or should it be insulated? 

Solution; 

A lower T at a given pressure P means the specific volume is smaller, 

Ideal gas: Pv = RT ; 

Shaft work: w = -j v dP 
This gives a smaller work input which is good. 


9.8 

A large condenser in a steam power plant dumps 15 MW at 45®C with an ambient 

at 25®C. What is the entropy generation rate? 

Solution; 

This process transfers heat over a finite temperature difference between 
the water inside the condenser and the outside ambient (cooling water from the 
sea, lake or river or atmospheric air) 

C.V. The wall that separates the inside 45®C 
water from the ambient at 25®C. 

Entropy Eq. 9.1 for steady state operation; 



45°C 


25°C 


dS 

dt 




. 15 MW 15 MW 

Sgen-25 +273 K “45 + 273 K 


3.17 


kW 


K 
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9.9 

Air at 1000 kPa, 300 K is throttled to 500 kPa. What is the specific entropy 
generation? 


Solution: 

C.V. Throttle, single flow, steady state. We neglect kinetic and potential 
energies and there are no heat transfer and shaft work terms. 

Energy Eq. 6.13: hi = he ^ Tj = Tg (ideal gas) 


Entropy Eq. 9.9: 


Sg = Si + 


'e dq _ 

X ~ ^gen 


Change in s Eq.8.24: 






0.287 In 




9.10 

Eriction in a pipe flow causes a slight pressure decrease and a slight temperature 
increase. How does that affect entropy? 

Solution: 

The friction converts flow work (P drops) into internal energy (T up if 
single phase). This is an irreversible process and s increases. 


If liquid: Eq. 8.19: 
If ideal gas Eq. 8.23: 


C 

ds =dT 


T 


ds = C 


dT 
P T 


so s follows T 



(both terms increase) 


9.11 

A flow of water at some velocity out of a nozzle is used to wash a car. The water 
then falls to the ground. What happens to the water state in terms of V, T and s? 

let us follow the water flow. It starts out with kinetic and potential energy 
of some magnitude at a compressed liquid state P, T. As the water splashes onto 
the car it looses its kinetic energy (it turns in to internal energy so T goes up by a 
very small amount). As it drops to the ground it then looses all the potential 
energy which goes into internal energy. Both of theses processes are irreversible 
so s goes up. 

If the water has a temperature different from the ambient then there will 
also be some heat transfer to or from the water which will affect both T and s. 
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9.12 

The shaft work in a pump to increase the pressure is small compared to the shaft 
work in an air compressor for the same pressure increase. Why? 

The reversible work is given by Eq. 9.14 or 9.18 if no kinetic or potential 
energy changes 

w = -j V dP 

The liquid has a very small value for v compared to a large value for a gas. 


9.13 

If the pressure in a flow is constant, can you have shaft work? 

The reversible work is given by Eq.9.14 

w = -j vdP + (vf-v5 + g(Z,-Ze) 

Eor a constant pressure the first term drops out but the other two remains. 
Kinetic energy changes can give work out (windmill) and potential energy 
changes can give work out (a dam). 


9.14 

A pump has a 2 kW motor. How much liquid water at 15®C can I pump to 250 
kPa from 100 kPa? 

Incompressible flow (liquid water) and we assume reversible. Then the shaftwork 
is from Eq.9.18 

w = -j V dP = -V AP = -0.001 m^/kg (250 - 100) kPa 
= - 0.15 kJ/kg 

W 2 

m = — = TTTT = 13.3 kg/s 
-w 0.15 ^ 
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9.15 

Liquid water is sprayed into the hot gases before they enter the turbine section of 
a large gasturbine power plant. It is claimed that the larger mass flow rate 
produces more work. Is that the reason? 

No. More mass through the turbine does give more work, but the added 
mass is only a few percent. As the liquid vaporises the specific volume increases 
dramatically which gives a much larger volume flow through! the turbine and that 
gives more work output. 

W = mw = -mj V dP = -j mv dP = -j V dP 

This should be seen relative to the small work required to bring the liquid water 
up to the higher turbine inlet pressure from the source of water (presumably 
atmospheric pressure). 


9.16 

A polytropic flow process with n = 0 might be which device? 

As the polytropic process is Pv*^ = C, then n = 0 is a constant pressure process. 
This can be a pipe flow, a heat exchanger flow (heater or cooler) or a boiler. 

9.17 

A steam turbine inlet is at 1200 kPa, 500®C. The exit is at 200 kPa. What is the 
lowest possible exit temperature? Which efficiency does that correspond to? 

We would expect the lowest possible exit temperature when the maximum 
amount of work is taken out. This happens in a reversible process so if we assume 
it is adiabatic this becomes an isentropic process. 

Exit: 200 kPa, s = Sin = 7.6758 kJ/kg K ^ T = 241.9"C 

The efficiency from Eq.9.27 measures the turbine relative to an isentropic 
turbine, so the efficiency will be 100%. 
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9.18 

A steam turbine inlet is at 1200 kPa, 500”C. The exit is at 200 kPa. What is the 
highest possible exit temperature? Whieh effieiency does that eorrespond to? 

The highest possible exit temperature would be if we did not get any work 
out, i.e. the turbine broke down. Now we have a throttle proeess with constant h 
assuming we do not have a significant exit velocity. 

Exit: 200 kPa, h = hin = 3476.28 kJ/kg ^ T = 495"C 



Remark: Since process is irreversible there is no area under curve in T-s diagram 
that correspond to a q, nor is there any area in the P-v diagram corresponding to a 
shaft work. 
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9.19 

A steam turbine inlet is at 1200 kPa, 500”C. The exit is at 200 kPa, 275”C. What 
is the isentropie effieieney? 

Inlet: hjjj = 3476.28 kJ/kg, sj^ = 7.6758 kJ/kg K 

Exit: hgx = 3021.4 kJ/kg, Sgx = 7.8006 kJ/kg K 

Ideal Exit: 200 kPa, s = Sjjj = 7.6758 kJ/kg K ^ h^ = 2954.7 kJ/kg 


Wac = hin - hgx = 3476.28 - 3021.4 = 454.9 kJ/kg 
Ws = hin - hs = 3476.28 - 2954.7 = 521.6 kJ/kg 


454.9 
Ws “ 521.6 


0.872 



9.20 

The exit veloeity of a nozzle is 500 m/s. If t] nozzle = 0-88 what is the ideal exit 
velocity? 


The nozzle efficiency is given by Eq. 9.30 and since we have the actual 
exit velocity we get 



2 


nozzle 



= 500 / = 533 m/s 
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Steady state reversible processes single flow 
9.21 

A first stage in a turbine receives steam at 10 MPa, 800°C with an exit pressure 
of 800 kPa. Assume the stage is adiabatic and negelect kinetic energies. Find the 
exit temperature and the specific work. 

Solution; 


C.V. Stage 1 of turbine. 

The stage is adiabatic so q = 0 and we will assume 
reversible so Sgg^ = 0 

Energy Eq.6.13: Wj = h; - hg 
Entropy Eq.9.8; Sg = Sj + j dq/T + Sgg^ = S; + 0 + 0 
Inlet state: B.1.3: hj = 4114.9 kJ/kg, sj = 7.4077 kJ/kg K 
Exit state; 800 kPa, s = Sj 

Table B.1.3 ^ T = 349.7°C, hg = 3161kJ/kg 

wx = 4114.9-3161 = 953.9 kJ/kg 
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9.22 

Steam enters a turbine at 3 MPa, 450°C, expands in a reversible adiabatic process 
and exhausts at 10 kPa. Changes in kinetic and potential energies between the 
inlet and the exit of the turbine are small. The power output of the turbine is 800 
kW. What is the mass flow rate of steam through the turbine? 

Solution; 


C.V. Turbine, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.6.11; ih; = ihg = m. 

Energy Eq.6.12: mh; = rhhg + Wj, 

Entropy Eq.9.8; rhs; + 0 = mSg ( Reversible Sggjj = 0 ) 


Explanation for the 
work term is in Sect. 

9.3,Eq.9.18 


Ap 



V 



Inlet state: Table B. 1.3 h; = 3344 kJ/kg, sj = 7.0833 kJ/kg K 
Exit state: Pg , Sg = s; ^ Table B. 1.2 saturated as Sg < Sg 
Xg = (7.0833 - 0.6492)/7.501 = 0.8578, 
hg = 191.81 + 0.8578 x 2392.82 = 2244.4 kJ/kg 

rh = Wj/wj = Wj/Ch; - hg) = 800/(3344 - 2244.4) = 0.728 kg/s 
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9.23 

A reversible adiabatic compressor receives 0.05 kg/s saturated vapor R-22 at 200 
kPa and has an exit presure of 800 kPa. Neglect kinetic energies and find the exit 
temperature and the minimum power needed to drive the unit. 

Solution; 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 

Continuity Eq.6.11; rhj = ihg = m, 

• • • 

Energy Eq.6.12; mhj = mhg + Wc, 

• • * 

Entropy Eq.9.8; ms; + 0 = mSg ( Reversible Sgg^ = 0 ) 

Inlet state; B 4.2.; h; = 239.87 kJ/kg, s; = 0.9688 kJ/kg K 

Exit state: Pg , Sg = s; ^ Table B.4.2 hg = 274.24 kJ/kg, Tg = 40°C 

-Wg = hg - hi = 274.24 - 239.87 = 34.37 kJ/kg 
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9.24 

In a heat pump that uses R-134a as the working fluid, the R-134a enters the 
eompressor at 150 kPa, -10°C at a rate of 0.1 kg/s. In the compressor the R-134a 
is compressed in an adiabatic process to 1 MPa. Calculate the power input 
required to the compressor, assuming the process to be reversible. 

Solution; 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.6.11; m^ = m 2 = m. 

Energy Eq.6.12: mh^ = mh 2 + Wc, 


Entropy Eq.9.8; rhs^ + 0 = ms 2 ( Reversible Sggjj = 0 ) 


Inlet state: Table B.5.2 hj = 393.84 kJ/kg, s^ = 1.7606 kJ/kg K 


Exit state: P 2 = 1 MPa & S 2 = s^ 


h2 = 434.9 kJ/kg 


Wg = mWg = m(hi - h 2 ) = 0.1 x (393.84 - 434.9) = -4,1 kW 


Explanation for the 
work term is in 
Sect. 9.3 
Eq.9.18 


Ap 



At 



V 


S 
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9.25 

A boiler section boils 3 kg/s saturated liquid water at 2000 kPa to saturated vapor 
in a reversible constant pressure process. Assume you do not know that there is 
no work. Prove that there is no shaftwork using the first and second laws of 
thermodynamics. 

Solution; 

C.V. Boiler. Steady, single inlet and single exit flows. 

Energy Eq.6.13: hi + q = w + hg; 

Entropy Eq.9.8; Sj + q/T = Sg 

States: Table B. 1.2, T = = 212.42°C = 485.57 K 

hj = hf = 908.77 kJ/kg, sj = 2.4473 kJ/kg K 

hg = hg = 2799.51 kJ/kg, Sg = 6.3408 kJ/kg K 

q = T(Sg - Si) = 485.57(6.3408 - 2.4473) = 1890.6 kJ/kg 

w = hi+ q-hg = 908.77+ 1890.6-2799.51 =-0.1 kJ/kg 

It should be zero (non-zero due to round off in values of s, h and Tg^ji). 



Often it is a long pipe 
and not a chamber 
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9.26 

Consider the design of a nozzle in whieh nitrogen gas flowing in a pipe at 500 

kPa, 200°C, and at a velocity of 10 m/s, is to be expanded to produce a velocity of 
300 m/s. Determine the exit pressure and cross-sectional area of the nozzle if the 
mass flow rate is 0.15 kg/s, and the expansion is reversible and adiabatic. 

Solution; 

C.V. Nozzle. Steady flow, no work out and no heat transfer. 

Energy Eq.6.13; h; + V|/2 = hg + Vg/2 
Entropy Eq.9.8; s; + J* dq/T + Sgg^ = S; + 0 + 0 = Sg 


Properties Ideal gas Table A. 5; 


kJ kJ 

Cpo = 1.042 R = 0.2968 k = 1.40 


_ /1a2 


hg - h; = Cpg(Tg - Tj) = 1.042(Tg - 473.2) = (10^ - 300^)/(2xl000) 
Solving for exit T; Tg = 430 K, 


Process; s; = s, 


=> 


Eor ideal gas expressed in Eq.8.32 




Pg = Pi(Tg/Ti)k-i = 500 


V 


430 
473.2 


3.5 


= 357.6 kPa 


/ 


Vg = RTg/Pg = (0.2968 x 430)/357.6 = 0.35689 mAkg 


. 0.15 x 0.35689 _.4 

= mv../V.. =--= 1.78 xlO ^ 


e' ' e 


300 
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9.27 

Atmospheric air at -45°C, 60 kPa enters the front diffuser of a jet engine with a 

velocity of 900 km /h and frontal area of 1 m . After the adiabatic diffuser the 
velocity is 20 m/s. Find the diffuser exit temperature and the maximum pressure 
possible. 

Solution; 


C.V. Diffuser, Steady single inlet and exit flow, no work or heat transfer. 

2 2 

Energy Eq.6.13: h; + V|/2 = hg + Vg/2, and hg - hj = Cp(Tg - Tj) 
Entropy Eq. 9.8; s; +1 dq/T + Sgg^ - s; + 0 + 0 - Sg (Reversible, adiabatic) 


Heat capacity and ratio of specific heats from Table A.5: Cpg = 1.004 
k = 1.4, the energy equation then gives; 


kJ 


kgK’ 


1.004[ Tg - (-45)] = 0.5[(900x1000/3600)^ - 20^ ]/1000 = 31.05 kJ/kg 

=> Tg =-14.05 °C = 259.1 K 
Constant s for an ideal gas is expressed in Eq.8.32; 


Pg = Pi (Tg/Ti)k-i = 60 (259.1/228.1)^-^ = 93.6 kPa 
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9.28 

A compressor receives air at 290 K, 100 kPa and a shaft work of 5.5 kW from a 
gasoline engine. It should deliver a mass flow rate of 0.01 kg/s air to a pipeline. 
Find the maximum possible exit pressure of the compressor. 

Solution; 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 

• • • 

Continuity Eq.6.11; m; = mg = m, 

• • • 

Energy Eq.6.12; mh; = mhg + Wc, 

• • • • 

Entropy Eq. 9.8; ms; + Sggjj = mSg (Reversible Sggjj = 0 ) 

Wg = mwg => -Wg = -W/m = 5.5/0.01 = 550 kJ/kg 
Use constant specific heat from Table A.5, Cpg = 1.004, k = 1.4 

hg = hi + 550 => Tg = Ti + 550/1.004 
Tg = 290 + 550/1.004 = 837.81 K 

k 

Si = Sg => Pg = Pi (Tg/Ti)k-1 Eq.8.32 
Pg = 100 X (837.81/290)3-^ = 4098 kPa 


Ap At 



V 


s 
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9.29 

A compressor is surrounded by cold R-134a so it works as an isothermal 
compressor. The inlet state is 0°C, 100 kPa and the exit state is saturated vapor. 
Find the specific heat transfer and specific work. 

Solution; 

C.V. Compressor. Steady, single inlet and single exit flows. 

Energy Eq.6.13: h; + q = w + hg; 

Entropy Eq.9.8; Sj + q/T = Sg 

Inlet state; Table B.5.2, h; = 403.4 kJ/kg, s; = 1.8281 kJ/kg K 

Exit state; Table B.5.1, hg = 398.36 kJ/kg, Sg = 1.7262 kJ/kg K 

q = T(Sg-Si) = 273.15(1.7262- 1.8281) = -27.83 kJ/kg 
w = 403.4 + (-27.83) - 398.36 = -22.8 kJ/kg 

Explanation for the 
work term is in Sect. 

9.3 

Eqs. 9.16 and 9.18 
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9.30 

A diffuser is a steady-state deviee in whieh a fluid flowing at high veloeity is 

decelerated such that the pressure increases in the process. Air at 120 kPa, 30°C 
enters a diffuser with velocity 200 m/s and exits with a velocity of 20 m/s. 
Assuming the process is reversible and adiabatic what are the exit pressure and 
temperature of the air? 


Solution; 

C.V. Diffuser, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.6.13: h; + V^/2 = hg + Vg/2, => hg - h; = CpQ(Tg - Tj) 

Entropy Eq. 9.8; Si + j dq/T + Sggjj = s; + 0 + 0 = Sg (Reversible, adiabatic) 


Use constant specific heat from Table A.5, Cp^ 


1.004 



k= 1.4 


Energy equation then gives: 

Cpo(Te-Ti)= 1.004(Tg-303.2) = (2002-202)/(2 x 1000) => Tg = 322.9 K 
The isentropic process (Sg = Sj) gives Eq.8.32 


k 

Pg = Pi(Tg/Ti)k-i = 120(322.9/303.2)3-^ = 149.6 kPa 



Inlet 


Hi V 
Low P, A 



Low V 
Hi P, A 
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9.31 

The exit nozzle in a jet engine receives air at 1200 K, 150 kPa with neglible 
kinetic energy. The exit pressure is 80 kPa and the process is reversible and 
adiabatic. Use constant heat capacity at 300 K to find the exit velocity. 


Solution: 

C.V. Nozzle, Steady single inlet and exit fiow, no work or heat transfer. 
Energy Eq.6.13: hj = hg + Vg/2 ( Zj = Zg ) 

Entropy Eq.9.8: Sg = Sj + 1 dq/T + = Sj + 0 + 0 


kJ 


Use constant specific heat from Table A.5, Cp^ = 1.004 k = 1.4 

The isentropic process (Sg = Sj) gives Eq.8.32 


k-l 


=> 


Tg = Ti( Pg/Pi) k = 1200 (80/150) = 1002.7 K 


The energy equation becomes 


2 


Vg/2 = hi - hg = Cp( Tj - Tg) 


Vg = ^2 Cp( Ti - Tg) = V2x 1.004(1200-1002.7) x 1000 = 629.4 m/s 







Eow P 


Hi V 
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9.32 

Do the previous problem using the air tables in A.7 

The exit nozzle in a jet engine reeeives air at 1200 K, 150 kPa with neglible 
kinetie energy. The exit pressure is 80 kPa and the proeess is reversible and 
adiabatie. Use eonstant heat capaeity at 300 K to find the exit veloeity. 

Solution; 

C.V. Nozzle, Steady single inlet and exit fiow, no work or heat transfer. 

Energy Eq.6.13: hj = hg + Vg/2 ( Zj = Zg ) 

Entropy Eq.9.8: Sg = Sj + 1 dq/T + Sgg^ = Sj + 0 + 0 

Proeess: q = 0, Sggjj = 0 as used above leads to Sg = sj 

Inlet state: hj = 1277.8 kJ/kg, s”; = 8.3460 kJ/kg K 

The eonstant s is rewritten from Eq.8.28 as 

s^g = s^i + R ln(Pg / Pi) = 8.3460 + 0.287 In (80/150) = 8.1656 
Interpolate in A.7 => 

8.1656-8.1349 

Tg - 1000 + 50 g j 9 Qg _ g_i 349 “ 1027.46 K 

8.1656-8.1349 

hg = 1046.2 + (1103.5 - 1046.3) x g j 9 Qg _ g ^349 = 1077.7 

2 

Prom the energy equation we have Vg/2 = hj - hg , so then 

Vg = ^/2 (hi - hg) = ^2(1277.8 - 1077.7) x 1000 = 632.6 m/s 

Eow P 

Hi V 
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9.33 

An expander reeeives 0.5 kg/s air at 2000 kPa, 300 K with an exit state of 400 
kPa, 300 K. Assume the process is reversible and isothermal. Find the rates of 
heat transfer and work neglecting kinetic and potential energy changes. 

Solution; 

C.V. Expander, single steady flow. 

• • • • 

Energy Eq.; mh; + Q = mhg + W 

• • • • 

Entropy Eq.; ms; + Q/T + mSggjj = mSg 

Process; T is constant and Sgg^ = 0 

Ideal gas and isothermal gives a change in entropy by Eq. 8.24, so we can 
solve for the heat transfer 

P 

Q = Tm(Sg - Sj) = -mRT In 

400 

= - 0.5 X 300 X 0.287 x In 2 qqq = 69,3 kW 
Prom the energy equation we get 

W = rn(hi - hg) + Q = Q = 69.3 kW 
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9.34 

Air enters a turbine at 800 kPa, 1200 K, and expands in a reversible adiabatie 
process to 100 kPa. Calculate the exit temperature and the work output per 
kilogram of air, using 

a. The ideal gas tables, Table A.7 

b. Constant specific heat, value at 300 K from table A.5 

Solution; 



C.V. Air turbine. 

Adiabatic: q = 0, reversible; Sgg^ = 0 
Energy Eq.6.13; Wj = h; - hg , 
Entropy Eq.9.8; Sg = S; 


a) Table A.7; h; = 1277.8 kJ/kg, s”; = 8.34596 kJ/kg K 
The constant s process is written from Eq.8.28 as 


P 


STe = STi + R ln( -^) = 8.34596 + 0.287 


In 


^ 100 " 
v 800 y 


= 7.7492 kJ/kg K 


Interpolate in A.7.1 


Tg = 706K, hg = 719.9 kJ/kg 


w = h; - hg = 557,9 kJ/kg 


b) Table A.5: Cp^ = 1.004 kJ/kg K, R = 0.287 kJ/kg K, k=1.4, then 


from Eq.8.32 


k-l 


Tg = T; (Pg/Pi) k = 1200 


aoo" 

v 800 y 


0.286 


= 662.1 K 


w = Cpg(Ti - Tg) = 1.004(1200 - 662.1) = 539.8 kJ/kg 
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9.35 

A flow of 2 kg/s saturated vapor R-22 at 500 kPa is heated at eonstant pressure to 

60®C. The heat is supplied by a heat pump that receives heat from the ambient at 
300 K and work input, shown in Fig. P9.35. Assume everything is reversible and 
find the rate of work input. 

Solution: 

C.V. Heat exchanger 

• • 

Continuity Eq.: mj = m 2 ; 

• • • 

Energy Eq.: m^h^ + Qjj = m]h 2 
Table B.4.2: 

h^ = 250 kJ/kg, Si = 0.9267 kJ/kg K 
h2 = 293.22 kJ/kg, S2 = 1.0696 kJ/kg K 

Notice we can find but the 

difficult to evaluate the COP of the heat pump. 

C.V. Total setup and assume everything is reversible and steady state. 

• • • • 

Energy Eq.: m^h^ + + W = m^h 2 

• • • 

Entropy Eq.: m^s^ + Ql/Tl + 0 = m^S 2 (Tj^ is constant, Sggj^ = 0) 

Ql = [S 2 - s^] = 2 X 300 [1.0696 - 0.9267] = 85.74 kW 

W = mj[h2 - h^] - Ql = 2 (293.22 - 250) - 85.74 = 0.7 kW 


temperature T^ is not constant making it 
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9.36 

A reversible steady state device receives a flow of 1 kg/s air at 400 K, 450 kPa 
and the air leaves at 600 K, 100 kPa. Heat transfer of 800 kW is added from a 
1000 K reservoir, 100 kW rejected at 350 K and some heat transfer takes place at 
500 K. Find the heat transferred at 500 K and the rate of work produced. 

Solution; 

C.V. Device, single inlet and exit flows. 


Energy equation, Eq.6.12; 

mhi + Q3 - Q4 + Qs = mh 2 + W 

Entropy equation with zero generation, 

Eq.9.8; 


riisj + Q3/T3 - Q4/T4+ Q5 /T5 = ms2 



Solve for the unknown heat transfer using Table A.7.1 and Eq. 8.28 for 
change in s 

. . . 

Q5 = T5 [S2-Si]m + ;^Q4 - ;^Q3 


= 500 x1 (7.5764-7.1593 


100 500 500 

0.287 In T7X ) + xlOO - x 800 


450^ 350 


1000 


= 424.4 + 142.8 - 400 = 167.2 kW 

Now the work from the energy equation is 


W = I X (401.3 - 607.3) + 800 - lOO + 167.2 = 661.2 kW 
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Steady state processes multiple devices and cycles 
9.37 

Air at 100 kPa, 17°C is compressed to 400 kPa after which it is expanded through 
a nozzle back to the atmosphere. The compressor and the nozzle are both 
reversible and adiabatic and kinetic energy in and out of the compressor can be 
neglected. Find the compressor work and its exit temperature and find the nozzle 
exit velocity. 

Solution; 

Separate control volumes around 
compressor and nozzle. For ideal 
compressor we have 
inlet; 1 and exit: 2 


Adiabatic : q = 0. 
Reversible; Sgg^ = 0 



Energy Eq.6.13 
Entropy Eq.9.8: 


h^ + 0 = Wq + ^2, 

Sj + 0/T + 0 = S 2 


- Wc = h2 - hi , S2 = Si 

Properties Table A.5 air: Cp^ = 1.004 kJ/kg K, R = 0.287 kJ/kg K, k = 1.4 
Process gives constant s (isentropic) which with constant Cp^ gives Eq.8.32 


k-1 


=> 


T 2 = Ti( P 2 /P 1 ) k = 290 (400/100) = 430^9 


-Wc = Cpg(T 2 - Ti) = 1.004 (430.9 - 290) = 141.46 kJ/kg 


The ideal nozzle then expands back down to Pi (constant s) so state 3 equals 
state 1. The energy equation has no work but kinetic energy and gives; 

1 2 

yV = h 2 - hi = -Wc = 141 460 J/kg (remember conversion to J) 


V 3 = ^2x141460 = 531.9 m/s 









Sonntag, Borgnakke and van Wylen 


9.38 


A small turbine delivers 150 kW and is supplied with steam at 700°C, 2 MPa. The 


exhaust passes through a heat exchanger where the pressure is 10 kPa and exits as 
saturated liquid. The turbine is reversible and adiabatic. Find the specific turbine 
work, and the heat transfer in the heat exchanger. 


Solution; 



Continuity Eq. 6 .11; Steady 



Turbine; Energy Eq.6.13; Wj = hj - h 2 
Entropy Eq.9.8; S 2 = + Sj gg^, 

Inlet state; Table B.1.3 h^ = 3917.45 kJ/kg, s^ = 7.9487 kJ/kg K 

Ideal turbine Sj = 0, 82 = 8 ^= 7.9487 = Sq + x Sfg 2 

State 3; P=10kPa, 82 < 8 g => saturated 2-phase in Table B. 1.2 


^ X 2 ,s = (si - Sf 2 )/ 8 fg 2 = (7.9487 - 0.6492)/7.501 = 0.9731 
^ h2^s = hf 2 + X hfg 2 = 191.8 + 0.9731X 2392.8 = 2520.35 kJ/kg 


wt,s = hi “ h2 g = 1397,05 kJ/kg 


m = W/wT,s= 150/ 1397 = 0.1074 kg/s 

Heat exchanger; 


Energy Eq.6.13; q = h 3 -h 2 , 

Entropy Eq.9.8; 



q = h 3 - h 2 g = 191.83 - 2520.35 = -2328.5 kJ/kg 


Q = m q = 0.1074 x (-2328.5) = - 250 kW 


Ap 


At 


Explanation for the 
work term is in Sect. 

9.3,Eq.9.18 



V 


s 
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9.39 

One technique for operating a steam turbine in part-load power output is to 
throttle the steam to a lower pressure before it enters the turbine, as shown in Fig. 
P9.39. The steamline conditions are 2 MPa, 400°C, and the turbine exhaust 
pressure is fixed at 10 kPa. Assuming the expansion inside the turbine to be 
reversible and adiabatic, determine 

a. The full-load specific work output of the turbine 

b. The pressure the steam must be throttled to for 80% of full-load output 

c. Show both processes in a T-s diagram. 

Solution: 


a) C.V Turbine. Full load reversible and adiabatic 

Entropy Eq.9.8 reduces to constant s so from Table B.1.3 and B.1.2 

S 3 = Si = 7.1271 = 0.6493 + Xj^ x 7.5009 

=> Xjjj = 0.8636 


hga = 191.83 + 0.8636 x 2392.8 = 2258.3 kJ/kg 


Energy Eq.6.13 for turbine 

lW 3 a = hi - hja = 3247.6 - 2258.3 = 989.3 kJ/kg 


b) The energy equation for the part load operation and notice that we have 
constant h in the throttle process. 

wt = 0.80 X 989.3 = 791.4 = 3247.6 - hj^ 

h 3 i, = 2456.2= 191.83 + X 3 bX 2392.8 => X 31 , = 0.9463 

S 31 , = 0.6492 + 0.9463 x 7.501 = 7.7474 kJ/kg 



S2b = S3b = 7.74741 P 2 b = 510 kPa 
h2i, = hi =3247.6J ^ &T2b = 388.4°C 
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9.40 


Two flows of air both at 200 kPa, one has 1 kg/s at 400 K and the other has 2 kg/s 
at 290 K. The two lines exehange energy through a number of ideal heat engines 
taking energy from the hot line and rejeeting it to the eolder line. The two flows 
then leave at the same temperature. Assume the whole setup is reversible and find 
the exit temperature and the total power out of the heat engines. 


Solution; 






C.V. Total setup 


Energy Eq.6.10; 


rhihj + rh2h2 = m^h3 + rh2h4 + Wjqt 


Entropy Eq.9.7; 


mjSi + m 2 S 2 + Sgen + i dQ/T =mjS 3 + m2S4 


Process: Reversible Sggjj = 0 Adiabatic Q = 0 

Assume the exit flow has the same pressure as the inlet flow then the pressure 
part of the entropy cancels out and we have 

Exit same T, P => h 3 = h 4 = hg; S 3 = S 4 = Sg 


• • • • 

H“ ni2i^2 ~ ^TOT^e ^^TOT 

• • • 

misi + m2S2 = mjoxSe 

fill rh 2 1 2 

Sg = Si + §2 = T X 7.1593 + t x 6.8352 = 6.9432 

ihioT dixoT 

Table A.7; => Tg = 323 K; hg = 323.6 


Wtot = mi(hi - hg) + m 2 (h2 - hg) 

= 1(401.3 - 323.6) + 2(290.43 - 323.6) =11.36 kW 

Note; The solution using constant heat capacity writes the entropy equation 
using Eq.8.25, the pressure terms cancel out so we get 

I Cp ln(Tg/Ti) + f Cp ln(Tg/T 2 ) = 0 => InTg = (InTi + 2 lnT 2)/3 
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9.41 

A certain industrial process requires a steady supply of saturated vapor steam at 
200 kPa, at a rate of 0.5 kg/s. Also required is a steady supply of compressed air 
at 500 kPa, at a rate of 0.1 kg/s. Both are to be supplied by the process shown in 
Fig. P9.41. Steam is expanded in a turbine to supply the power needed to drive 
the air compressor, and the exhaust steam exits the turbine at the desired state. Air 
into the compressor is at the ambient conditions, 100 kPa, 20°C. Give the required 
steam inlet pressure and temperature, assuming that both the turbine and the 
compressor are reversible and adiabatic. 

Solution; 

C.V. Each device. Steady flow. 

Both adiabatic (q = 0) and 

reversible (Sgg^ = 0). 

2 

Steam turbine Air compressor 



k-l 


/ 


Compressor; S4 = S3 => T4 = T3(P4/P3) ^ = 293.2 


V 


100 


0.286 


= 464.6 K 


y 


Wc = m3(h3 - h4) = 0.1 X 1.004(293.2 - 464.6) = -17.2 kW 

Turbine; Energy; Wj =+17.2 kW = rhi(hi - h2); Entropy; S2 = s^ 
Table B.1.2; P2 = 200 kPa, X2 = 1 => h2 = 2706.6 kJ/kg, S2 = 7.1271 
hi = 2706.6 + 17.2/0.5 = 2741.0 kJ/kg 


Pi = 242 kPa 
^ Ti = 138.3°C 


Si = S2 = 7.1271 kJ/kg K Athi,Si 
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9.42 

Consider a steam turbine power plant operating near eritieal pressure, as shown in 
Fig. P9.42. As a first approximation, it may be assumed that the turbine and the 
pump processes are reversible and adiabatic. Neglecting any changes in kinetic 
and potential energies, calculate 

a. The specific turbine work output and the turbine exit state 

b. The pump work input and enthalpy at the pump exit state 

c. The thermal efficiency of the cycle 

Solution; 




= P 4 = 20 MPa 
= 700 °C 
= P 3 = 20 kPa 
= 40 °C 



State 1;(P,T) Table B. 1.3 hj = 3809.1 kJ/kg, si = 6.7993 kJ/kg K 
C.V. Turbine. 

Entropy Eq.9.8: §2 = = 6.7993 kJ/kg K 

Table B.1.2 S 2 = 0.8319 + X 2 x 7.0766 => X 2 = 0.8433 


h 2 = 251.4 + 0.8433X 2358.33 = 2240.1 
Energy Eq.6.13: wj = h^ - h 2 = 1569 kJ/kg 

b) 

State 3: (P, T) Compressed liquid, take sat. liq. Table B. 1.1 

h 3 = 167.5 kJ/kg, V 3 = 0.001008 mVkg 

Property relation in Eq.9.13 gives work from Eq.9.18 as 

wp = - V 3 ( P 4 - P 3 ) = -0.001008(20000 - 20) = -20.1 kJ/kg 

h 4 = h 3 - wp = 167.5 + 20.1 = 187.6 kJ/kg 

c) The heat transfer in the boiler is from energy Eq.6.13 

qboiler = hi -h 4 = 3809.1 - 187.6 = 3621.5 kJ/kg 
Wnet = 1569 - 20.1 = 1548.9 kJ/kg 

1548.9 , 

Pth ^nerOboiler 3621 5 0.428 
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9.43 

A turbo charger boosts the inlet air pressure to an automobile engine. It consists 
of an exhaust gas driven turbine directly connected to an air compressor, as 
shown in Fig. P9.43. For a certain engine load the conditions are given in the 
figure. Assume that both the turbine and the compressor are reversible and 
adiabatic having also the same mass flow rate. Calculate the turbine exit 
temperature and power output. Find also the compressor exit pressure and 
temperature. 

Solution; 


CV; Turbine, Steady single inlet and 

Process: adiabatic: q = 0, 

reversible; Sggjj = 0 

EnergyEq. 6.13: Wj = h 3 - h 4 , 
Entropy Eq.9.8: S 4 = S 3 


exit flows. 



The property relation for ideal gas gives Eq.8.32, k from Table A.5 


k -1 


S4-S3 


T 4 = T 3 (P 4 /P 3 ) k =923.2 


^ 100 " 
vlVOy 


0.286 


= 793.2 K 


The energy equation is evaluated with specific heat from Table A.5 
wt = h 3 - h 4 = Cpo(T 3 - T 4 ) = 1.004(923.2 - 793.2) = 130.5 kJ/kg 


Wj = rhwj = 13.05 kW 


C.V. Compressor, steady 1 inlet and 1 exit, same flow rate as turbine. 
Energy Eq.6.13; -w^ = h 2 - h^ , 

Entropy Eq.9.8; $2 = s^ 

Express the energy equation for the shaft and compressor having the turbine 
power as input with the same mass flow rate so we get 

-Wc = wt= 130.5 = Cpo(T2-Ti)= 1.004(T2 -303.2) 


T 2 = 433.2 K 

The property relation for S 2 = s^ is Eq.8.32 and inverted as 

k 


P2 = Pi(T2/Ti)k-l = 100 


f433.2^ 3.5 

U03.2 


= 348.7 kPa 
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9.44 

A two-stage compressor having an interstage cooler takes in air, 300 K, 100 kPa, 
and compresses it to 2 MPa, as shown in Fig. P9.44. The cooler then cools the air 
to 340 K, after which it enters the second stage, which has an exit pressure of 
15.74 MPa. Both stages are adiabatic, and reversible. Find q in the cooler, total 
specific work, and compare this to the work required with no intercooler. 
Solution; 



C.V.; Stage 1 air. Steady flow 

Process: adibatic; q = 0, reversible: Sggjj = 0 

Energy Eq.6.13: -w^ = h 2 - h^ , Entropy Eq.9.8: S 2 = s^ 

Assume constant Cpo = 1.004 from A.5 and isentropic leads to Eq.8.32 

^ 0.286 

T2 = Ti(P2/Pi) k =300(2000/100) = 706.7 K 

wci = hi - h2 = Cpo(Ti - T 2 ) = 1.004(300 - 706.7) = -408.3 kJ/kg 


C.V. Intercooler, no work and no changes in kinetic or potential energy. 

923 = ^3 - h2 = Cpo(T3 - T 2 ) = 1.004(340 - 706.7) = -368.2 kJ/kg 


C.V. Stage 2. Analysis the same as stage 1. So from Eq.8.32 

^ 0.286 

T 4 = T 3 (P 4 /P 3 ) k =340(15.74/2) = 613.4 K 

wc 2 = h 3 - h 4 = Cpo(T 3 - T 4 ) = 1.004(340 - 613.4) = -274.5 kJ/kg 
Same flow rate through both stages so the total work is the sum of the two 
^comp W(2i + W(22 = ^08.3 - 274.5 = -682.8 kJ/kg 
Eor no intercooler (P 2 = 15.74 MPa) same analysis as stage 1. So Eq.8.32 

0.286 

T 2 = 300(15740/100) = 1274.9 K 

Wcomp = 1.004(300 - 1274.9) = -978.8 kJ/kg 
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9.45 

A heat-powered portable air compressor consists of three components: (a) an 
adiabatic compressor; (b) a constant pressure heater (heat supplied from an outside 
source); and (c) an adiabatic turbine. Ambient air enters the compressor at 100 kPa, 
300 K, and is compressed to 600 kPa. All of the power from the turbine goes into 
the compressor, and the turbine exhaust is the supply of compressed air. If this 
pressure is required to be 200 kPa, what must the temperature be at the exit of the 
heater? 

Solution: 



P 2 = 600kPa, P 4 = 200kPa 
Adiabatic and reversible compressor: 

Process: q = 0 and Sgg^ = 0 

Energy Eq.6.13: h-w = h 2 

c 

Entropy Eq.9.8: §2 = s^ 


For constant specific heat the isentropic relation becomes Eq.8.32 




= 300 ( 6 )®'^^^^ 


= 500.8 K 


-w^ = Cpq(T 2 - Ti) = 1.004(500.8 - 300) = 201.5 kJ/kg 

Adiabatic and reversible turbine: q = 0 and Sgg^ = 0 
Energy Eq.6.13: h 3 = wj + h 4 ; Entropy Eq.9.8: S 4 = S 3 
For constant specific heat the isentropic relation becomes Eq.8.32 

ki 

T 4 = T 3 (P 4 /P 3 ) k = T3(200/600)°'2^^^ = 0.7304 T 3 

Energy Eq. for shaft: -w^ = = Cpq(T 3 - T 4 ) 


201.5 = 1 . 004 X 3 ( 1 - 0 . 7304 ) => 13 = 744.4 K 





600 kPa 
200 kPa 

100 kPa 


V 


s 






















Sonntag, Borgnakke and van Wylen 


9.46 

A certain industrial process requires a steady 0.5 kg/s supply of compressed air at 
500 kPa, at a maximum temperature of 30°C. This air is to be supplied by 
installing a compressor and aftercooler. Local ambient conditions are 100 kPa, 
20°C. Using an reversible compressor, determine the power required to drive the 
compressor and the rate of heat rejection in the aftercooler. 

Solution; 


Air Table A.5: R = 0.287 kJ/kg-K, Cp 


1.004 kJ/kgK, k=1.4 


State 1; Ti=To = 20^C, Pi=Po 
State 2: P 2 = P 3 = 500 kPa 


100 kPa, rh = 0.5 kg/s 


State 3; T 3 = 30°C, P 3 = 500 kPa 

Compressor; Assume Isentropic (adiabatic q = 0 and reversible Sgg^ = 0 ) 

From entropy equation Eq.9.8 this gives constant s which is expressed for an 
ideal gas in Eq.8.32 

k -1 

T 2 = Ti (P 2 /P 1 ) = 293.15 (500/100)°'2^^^ = 464.6 K 


1^*-Law Eq.6.13; q^. + hj = h 2 + w^.; Qc ^ 

assume constant specific heat from Table A.5 

Wc = Cp(Ti - T 2 ) = -172.0 kJ/kg 


Wc = riiwc = -86 kW 

Aftercooler Energy Eq.6.13; q + h 2 = h 3 + w; w = 0, 
assume constant specific heat 

q = Cp(T 3 - T 2 ) = -205 kJ/kg, Q = rhq = -102.5 kW 



Compressor section 


Aftercooler section 
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Steady state irreversible processes 
9.47 

Analyze the steam turbine deseribed in Problem 6.78. Is it possible? 

Solution: 

C.V. Turbine. Steady flow and adiabatie. 

Continuity Eq.6.9: rii^ = rn 2 + m 3 ; 

• • • • 

Energy Eq. 6 .10: m^h^ = m 2 h 2 + m 3 h 3 + W 

• • • • 

Entropy Eq.9.7: m^s^ + Sgg^ = m 2 S 2 + m 3 S 3 

States from Table B. 1.3: Si= 6.6775, S 2 = 6.9562, S 3 = 7.14413 kJ/kg K 

Sgen = 20x6.9562 + 80x7.14413 - 100x6.6775 = 42.9 kW/K > 0 
Since it is positive => possible. 

Notice the entropy is increasing through turbine: s^ < §2 < S 3 
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9.48 

Carbon dioxide at 300 K, 200 kPa is brought through a steady deviee where it is 
heated to 500 K by a 600 K reservoir in a constant pressure process. Find the 
specific work, specific heat transfer and specific entropy generation. 

Solution; 

C.V. Heater and walls out to the source. Steady single inlet and exit flows. 

Since the pressure is constant and there are no changes in kinetic or potential 
energy between the inlet and exit flows the work is zero. w = 0 

• • • 

Continuity Eq.6.11; m; = rUg = m 
Energy Eq.6.13: hi + q = hg 

Entropy Eq.9.8, 9.23: Sj + j dq/T + Sgg^ = Sg = S; + q/T source ^gen 

Properties are from Table A.8 so the energy equation gives 
q = hg-hi = 401.52-214.38 = 187.1 kJ/kg 

From the entropy equation 

Sggn = Sg - sj - q/TsQUj-ce ^ (5.3375 - 4.8631) - 187.1/600 

= 0.4744 - 0.3118 = 0.1626 kJ/kg K 
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9.49 

Consider the steam turbine in Example 6.6. Is this a reversible proeess? 
Solution; 

At the given states 

Table B.1.3: s; = 6.9552 kJ/kg K; s^ = 7.3593 kJ/kg K 
Do the seeond law for the turbine, Eq.9.8 


mgSg = mjsj + j dQ/T + S 
~ dq/T + Sggjj 


gen 


Sggn = Sg - sj - j dq/T = 7.3593 - 6.9552 - (negative) > 0 
Entropy goes up even if q goes out. This is an irreversible process. 
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9.50 

The throttle proeess deseribed in Example 6.5 is an irreversible proeess. Find the 
entropy generation per kg ammonia in the throttling proeess. 

Solution; 

The process is adiabatic and irreversible. The consideration with the energy 
given in the example resulted in a constant h and two-phase exit flow. 

Table B.2.1; sj = 1.2792 kJ/kg K 

Table B.2.1; Sg = Sf + Xg Sfg = 0.5408 + 0.1638 x 4.9265 

= 1.34776 kJ/kgK 

We assumed no heat transfer so the entropy equation Eq.9.8 gives 
Sgen = Sg - Si - j dq/T = 1 .34776 - 1 .2792 - 0 = 0.0686 kJ/kg K 
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9.51 

A geothermal supply of hot water at 500 kPa, 150°C is fed to an insulated flash 
evaporator at the rate of 1.5 kg/s. A stream of saturated liquid at 200 kPa is 
drained from the bottom of the chamber and a stream of saturated vapor at 200 
kPa is drawn from the top and fed to a turbine. Find the rate of entropy generation 
in the flash evaporator. 

Solution; 


Continuity Eq.6.9: 
Energy Eq.6.10: 
Entropy Eq.9.7; 
Process: 


mj = m2 + m3 


m^hj = m2h2 + rn3h3 



m2S2 + m3 S3 


Q = 0, irreversible (throttle) 



Two-phase out of the 
valve. The liquid drops 
to the bottom. 


B.1.1 hi =632.18 kJ/kg, si = 1.8417 kJ/kg K 
B.1.2 h 3 = 2706.63 kJ/kg, S 3 = 7.1271 kJ/kg K, 
h 2 = 504.68 kJ/kg, S 2 = 1.53 kJ/kg K 

From the energy equation we solve for the flow rate 

m 3 = mi(hi - h 2 )/(h 3 - h 2 ) = 1.5 x 0.0579 = 0.08685 kg/s 
Continuity equation gives 

m 2 = rill - m 2 = 1-41315 kg/s 

Entropy equation now leads to 

• • • • 

Sgen = 1^282 + m3S3 -misi 

= 1.41315 X 1.53 + 0.08685 x 7.127- 1.5 X 1.8417 

= 0.017 kW/K 
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9.52 

Two flowstreams of water, one at 0.6 MPa, saturated vapor, and the other at 0.6 
MPa, 600°C, mix adiabatically in a steady flow process to produce a single flow 
out at 0.6 MPa, 400°C. Find the total entropy generation for this process. 
Solution; 


1;B.1.2 hi = 2756.8 kJ/kg, si = 6.760 kJ/kg K 

2;B.1.3 h 2 = 3700.9 kJ/kg, S 2 = 8.2674 kJ/kg K 

3; B.1.3 h 3 = 3270.3 kJ/kg, S 3 = 7.7078 kJ/kg K 

• • • 

Continuity Eq.6.9: m 3 = mi + m 2 , 

• • • 

Energy Eq.6.10; ^13113 = niihi + m 2 h 2 

=> mi/m 3 = (h 3 - h 2 ) / (hi - h 2 ) = 0.456 

• • • • 

Entropy Eq.9.7; m 3 S 3 = miSi + m 2 S 2 + Sgg„ => 

Sgen/m3 = S3 - (rni/rn3) Si - (1112/1113) S2 

= 7.7078 - 0.456x6.760 - 0.544x8.2674 = 0.128 kJ/kg K 




The mixing process generates entropy. The two inlet flows could have 
exchanged energy (they have different T) through some heat engines and 
produced work, the process failed to do that, thus irreversible. 
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9.53 

A condenser in a power plant receives 5 kg/s steam at 15 kPa, quality 90% and 
rejects the heat to cooling water with an average temperature of 17°C. Find the 
power given to the cooling water in this constant pressure process and the total 
rate of enropy generation when eondenser exit is saturated liquid. 

Solution; 

C.V. Condenser. Steady state with no shaft work term. 

• • • 

Energy Eq.6.12: m h- + Q = mh 

1 

Entropy Eq.9.8; m s- + Q/T + Sggjj = m s^ 

Properties are from Table B.1.2 

h- = 225.91 + 0.9 X 2373.14 = 2361.74 kJ/kg , h = 225.91 kJ/kg 
1 

S; = 0.7548 + 0.9 X 7.2536 = 7.283 kJ/kg K, s^ = 0.7548 kJ/kg K 
1 

Qout = -Q = m (hj - hg) = 5(2361.74 - 225.91) = 10679 kW 

Sgen = m (Sg - S-) + Qout/T 

= 5(0.7548 - 7.283) + 10679/(273 + 17) 

= -32.641 + 36.824 = 4.183 kW/K 
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9.54 

A mixing chamber receives 5 kg/min ammonia as saturated liquid at -20°C from 
one line and ammonia at 40°C, 250 kPa from another line through a valve. The 
chamber also receives 325 kJ/min energy as heat transferred from a 40°C 
reservoir. This should produce saturated ammonia vapor at -20°C in the exit line. 
What is the mass flow rate in the second line and what is the total entropy 
generation in the process? 

Solution; 

CV; Mixing chamber out to reservoir 

• • • 

Continuity Eq.6.9; m^ + m 2 = m 3 

• • • • 

Energy Eq.6.10; mihi + rn 2 h 2 + Q = ni 3 h 3 

• • • _ • • 

Entropy Eq.9.7; m^s^ + m 2 S 2 + Q/Tj-es + ^gen ^ >^383 


P 


MIXING 

CHAMBER 


From the energy equation; 

m 2 = [(mi(hi - h3) + Q]/(h3 - h2) 

= [5 X (89.05 - 1418.05) + 325] / (1418.05 - 1551.7) 

= 47,288 kg/min ^ m 3 = 52.288 kg/min 




Sgen = m3S3 - riiisi - rn2S2 - Q/T,^, 

= 52.288 X 5.6158 - 5 x 0.3657 - 47.288 x 5.9599 - 325/313.15 

= 8.94 kJ/K min 
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9.55 

A heat exchanger that follows a compressor receives 0.1 kg/s air at 1000 kPa, 500 
K and cools it in a constant pressure process to 320 K. The heat is absorbed by 
ambient ait at 300 K. Find the total rate of entropy generation. 

Solution; 

C.V. Heat exchanger to ambient, steady constant pressure so no work. 

• • • 

Energy Eq. 6 .12: mhj = mhg + Qout 

Entropy Eq.9.8, 9.23: msj + Sggjj = mSg + Qou/T 

Using Table A.5 and Eq.8.25 for change in s 

= m(hi - hg) = mCpg(Ti - Tg) = 0.1 x 1.004(500 - 320) = 18.07 kW 

Sgen = m(Se - Si) + Qou/T = mCpg ln( Tg/Tj ) + Qg^/T 

= 0.1 X 1.004 ln( 320/500) + 18.07/300 

= 0.0154 kW/K 

Using Table A.7.1 and Eq. 8.28 for change in entropy 

hsoo = 503.36 kJ/kg, ^2^20 ^ 320.58 kJ/kg; 

St^qq = 7.38692 kJ/kg K, ST 32 Q = 6.93413 kJ/kg K 

Qggt = m(hi - hg) = 0.1 (503.36 - 320.58) = 18.28 kW 

^gen ~ ^(Se ~ Sj) + Qou/^ 

= 0.1(6.93413 - 7.38692) + 18.28/300 

= 0.0156 kW/K 



Sonntag, Borgnakke and van Wylen 


9.56 

'J 

Air at 327°C, 400 kPa with a volume flow 1 m /s runs through an adiabatic 
turbine with exhaust pressure of 100 kPa. Neglect kinetic energies and use 
constant specific heats. Find the lowest and highest possible exit temperature. For 
each case find also the rate of work and the rate of entropy generation. 

Solution; 

C.V Turbine. Steady single inlet and exit flows, q = 0. 

Inlet state: (T, P) vp RTV P^ = 0.287 x 600/400 = 0.4305 m^/kg 

m = V/v- = 1/0.4305 = 2.323 kg/s 

The lowest exit T is for maximum work out i.e. reversible case 

Process: Reversible and adiabatic => constant s from Eq.9.8 

k-1 

Eq.8.32: = Tj(P^/Pj) k = 600 x (100/400) = 403.8 K 

^ w = h- - hg = Cpo(T- - Tg) = 1.004 x ( 600 - 403.8) = 197 kJ/kg 
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9.57 

In a heat-driven refrigerator with ammonia as the working fluid, a turbine with 
inlet conditions of 2.0 MPa, 70°C is used to drive a compressor with inlet 
saturated vapor at -20°C. The exhausts, both at 1.2 MPa, are then mixed together. 
The ratio of the mass flow rate to the turbine to the total exit flow was measured 
to be 0.62. Can this be true? 

Solution; 

Assume the compressor and the turbine are both adiabatic. 


C.V. Total: 

• • • 

Continuity Eq. 6 .11: m 5 = m^ + m 3 

• • • 

Energy Eq. 6 .10; rn 5 h 5 = m^h^ + m 3 h 3 
Entropy: nigSg = liiiSi + m 3 S 3 + Sc,v„gen 

S 5 = ysi + (l-y)s 3 + Sc.v.,gen/m5 

• • 

Assume y = mi/m 5 = 0.62 
State 1: Table B.2.2 hj = 1542.7 kJ/kg, s^ = 4.982 kJ/kg K, 

State 3: Table B.2.1 h 3 = 1418.1 kJ/kg, S 3 = 5.616 kJ/kg K 

Solve for exit state 5 in the energy equation 

hg = yhi + (l-y)h 3 = 0.62 x 1542.7 + (1 - 0.62)1418.1 = 1495.4 kJ/kg 

State 5: hg = 1495.4 kJ/kg, P 5 = 1200 kPa ^ S 5 = 5.056 kJ/kg K 
Now check the 2nd law, entropy generation 



^ S (3 v.,gen/i ^5 ^ ^5 - ysj - (l-y)s 3 = -0,1669 Impossible 

The problem could also have been solved assuming a reversible process 
and then find the needed flow rate ratio y. Then y would have been found 
larger than 0.62 so the stated process can not be true. 
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9.58 


Two flows of air both at 200 kPa; one has 1 kg/s at 400 K and the other has 2 kg/s 
at 290 K. The two flows are mixed together in an insulated box to produce a 
single exit flow at 200 kPa. Find the exit temperature and the total rate of entropy 
generation. 


Solution; 

Continuity Eq.6.9: 


rhi + rh 2 = m 3 = 1 + 2 = 3 kg/s 

Energy Eq.6.10; 

• • • 

m^h^ + m2h2 = m3h3 



Entropy Eq.9.7; m^s^ + m 2 S 2 + Sgg^ = m 3 S 3 

Using constant specific heats from A.5 and Eq.8.25 for s change. 

Divide the energy equation with m 3 CpQ 

. . . . 1 2 

T 3 = (mj/m 3 )Tj + (m 2 /m 3 )T 2 = 3 400 + 3 x 290 = 326.67 K 

Sgen = mi(s 3 - Si) + m 2 (s 3 - S 2 ) 

= 1 X 1.004 In (326.67/400) + 2 x 1.004 In (326.67/290) 

= 0.0358 kW/K 

Using A.7.1 and Eq.8.28 for change in s. 

. . . . 1 2 

h 3 = (mi/m 3 )hi + (m 2 /m 3 )h 2 = jx 401.3+ jx 290.43 = 327.39 kJ/kg 

From A.7.1; T 3 = 326.77 K Sp = 6.9548 kJ/kg K 

Sgen = 1(6.9548 - 7.15926) + 2(6.9548 - 6.83521) 

= 0.0347 kW/K 

The pressure correction part of the entropy terms cancel out as all three 
states have the same pressure. 
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9.59 

One type of feedwater heater for preheating the water before entering a boiler 
operates on the principle of mixing the water with steam that has been bled from 
the turbine. For the states as shown in Fig. P9.59, calculate the rate of net entropy 
increase for the process, assuming the process to be steady flow and adiabatic. 

Solution; 

CV: Feedwater heater, Steady flow, no external heat transfer. 

Continuity Eq.6.9: mj + m 2 = m 3 

Energy Eq.6.10: liilhi + (m 3 - mi)h 2 = m 3 h 3 

Properties: All states are given by (P,T) table B.1.1 and B. 1.3 
hi = 168.42, h 2 = 2828 , h 3 = 675.8 all kJ/kg 

Si =0.572, S 2 = 6.694, S 3 = 1.9422 allkJ/kgK 



Solve for the flow rate from the energy equation 

. m 3 (h 3 - h 2 ) 4(675.8 - 2828) 

(hi-h 2 ) “ (168.42 -2828) 

^ m 2 = 4 - 3.237 = 0.763 kg/s 

_ • 

The second law for steady flow, S^y = 0, and no heat transfer, Eq.9.7: 

Sc.V.,gen = SsuRR = m3S3 - liliSi - m2S2 

= 4(1.9422) - 3.237(0.572) - 0.763(6.694) = 0.8097 kJ/K s 
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9.60 

A supply of 5 kg/s ammonia at 500 kPa, 20°C is needed. Two sources arc 
available one is saturated liquid at 20°C and the other is at 500 kPa and 140°C. 
Flows from the two sources are fed through valves to an insulated mixing 
chamber, which then produces the desired output state. Find the two source mass 
flow rates and the total rate of entropy generation by this setup. 


Solution; 

C.V. mixing chamber + valve. Steady, no heat transfer, no work. 

Continuity Eq.6.9: 

ihi + m 2 = m 3 ; 

Energy Eq.6.10: 

m^ hj + m 2 h 2 = in 3 h 3 

Entropy Eq.9.7: 

ihi Sj + m 2 S 2 + Sgen = 111383 



State 1; Table B.2.1 h^ = 273.4 kJ/kg, 
State 2: Table B.2.2 h 2 = 1773.8 kJ/kg, 
State 3; Table B.2.2 h 3 = 1488.3 kJ/kg, 


Si= 1.0408 kJ/kg K 
S 2 = 6.2422 kJ/kg K 
S 3 = 5.4244 kJ/kg K 


As all states are known the energy equation establishes the ratio of mass flow 
rates and the entropy equation provides the entropy generation. 


mj hj +( m3 - rh2)h2 = rh3h3 


=> 


^ ^3 hi -h7 ^ 


m 2 = 1113 - riij = 4.05 kg/s 


Sgen= 5 X 5.4244 - 0.95 x 1.0408 - 4.05 x 6.2422 = 0.852 kW/K 
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9.61 


A counter flowing heat exchanger has one line with 2 kg/s at 125 kPa, 1000 K 
entering and the air is leaving at 100 kPa, 400 K. The other line has 0.5 kg/s water 
coming in at 200 kPa, 20°C and leaving at 200 kPa. What is the exit temperature 
of the water and the total rate of entropy generation? 

Solution; 


C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The 
two flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


Energy Eq.6.10; 
Erom A.7: 

Erom B.1.2 


inAIR^hAiR - mH20^hH20 

hi - h 2 = 1046.22 - 401.3 = 644.92 kJ/kg 
h 3 = 83.94 kJ/kg; S 3 = 0.2966 kJ/kg K 


h 4 - h 3 = (m^jj^/mj32o)(hi - ^ 2 ) = (2/0.5)644.92 = 2579.68 kJ/kg 
h 4 = h 3 + 2579.68 = 2663.62 kJ/kg < hg at 200 kPa 

T 4 = Tsat = 120.23°C, 

X 4 = (2663.62 - 504.68)/2201.96 = 0.9805, 

S 4 = 1.53 + X 4 5.597 = 7.01786 kJ/kg K 
Erom entropy Eq.9.7 


Sgen = mH 20 (§4 ' S3) + mAIR(S 2 - 

= 0.5(7.01786 - 0.2966) + 2(7.1593 - 8.1349 - 0.287 In (100/125)) 
= 3.3606 - 1.823 = 1.54 kW/K 
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9.62 

A coflowing (same direction) heat exehanger has one line with 0.25 kg/s oxygen 
at 17°C, 200 kPa entering and the other line has 0.6 kg/s nitrogen at 150 kPa, 500 
K entering. The heat exchanger is very long so the two flows exit at the same 
temperature. Use eonstant heat capacities and find the exit temperature and the 
total rate of entropy generation. 

Solution; 


C.V. Heat exehanger, 
steady 2 flows in and 
two flows out. 


3 



Energy Eq. 6 .10; mo 2 hi + mN 2 h 3 = mo 2 h 2 + mN 2 h 4 
Same exit temperature so T 4 = T 2 with values from Table A.5 


• • • • 

n^02Cp 02T1 + mN2Cp N2T3 = (mo2Cp 02 + niN2Cp N2)T2 

_ 0.25 X 0.922X 290 + 0.6 x 1.042 x 500 _ 379.45 
^2 “ 0.25 X 0.922 + 0.6 X 1.042 “ 0.8557 

= 443.4 K 

Entropy Eq.9.7 gives for the generation 

Sgen = nk)2(S2-Sl) + mN2(S4 - S3) 

= in02Cp In (T2/T1) + mN2Cp In (T4/T3) 

= 0.25 X 0.922 In (443.4/290) + 0.6 x 1.042 In (443.4/500) 
= 0.0979 - 0.0751 = 0.0228 kW/K 
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Transient processes 


9.63 


Calculate the speeific entropy generated in the filling proeess given in Example 

6 . 11 . 

Solution; 

C.V. Cannister fdling proeess where: 1 Q 2 = 0 ; 1 W 2 = 0 ; = 0 

Continuity Eq.6.15; m 2 - 0 = mjj,; 

Energy Eq.6.16; m 2 U 2 - 0 = + 0 + 0 ^ U 2 = h^jjg 

Entropy Eq.9.12: m 2 S 2 - 0 = + 0 + 1 S 2 gen 

Inlet state ; 1.4 MPa, 300°C, h; = 3040.4 kJ/kg, s; = 6.9533 kJ/kg K 
final state; 1.4 MPa, U 2 = h; = 3040.4 kJ/kg 

=> T2 = 452°C, S2 = 7.45896 kJ/kg K 


1 ^2 gen ^^ 2(^2 ■ ^i) 

1^2 gen ^ ^2 - sj = 7.45896 - 6.9533 = 0,506 kJ/kg K 
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9.64 

Calculate the total entropy generated in the filling process given in Example 6.12. 
Solution; 

Since the solution to the problem is done in the example we will just add the 
second law analysis to that. 


Initial state; Table B.1.2; sj = 6.9404 kJ/kg K 

42 kJ 

Final state; Table B.1.3; S 2 = 6.9533 (7.1359 - 6.9533) = 7.1067 

Inlet state; Table B.1.3; sj = 6.9533 kJ/kg K 

Entropy Eq.9.12; rn 2 S 2 - m^s^ = mjSj + 1 S 2 ggn 

Now solve for the generation 

1 S 2 gen = m2S2 - misi - mjSi 

= 2.026 X 7.1067 - 0.763 x 6.9404 - 1.263 x 6.9533 

= 0.32kJ/K >0 
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9.65 

An initially empty 0.1 m cannister is filled with R-12 from a line flowing 
saturated liquid at -5°C. This is done quickly such that the process is adiabatic. 
Find the final mass, liquid and vapor volumes, if any, in the cannister. Is the 
process reversible? 

Solution: 

C.V. Cannister fdling process where: 1 Q 2 = 0 ; 1 W 2 = 0 ; m^ = 0 
Continuity Eq.6.15: m 2 - 0 = mj^^; 

Energy Eq.6.16: m 2 U 2 - 0 = mi„h^„g + 0 + 0 ^ ^2 = hi,„g 
2 : P 2 = Pl ; U 2 = El ^ 2 phase U 2 > Uf; U 2 = Uf + X 2 Ufg 
Table B.3.1: Uf= 31.26; Ufg= 137.16; hf= 31.45 allkJ/kg 
X2 = (31.45 -31.26)/137.16 = 0.001385 

^ V 2 = Vf + X 2 Vfg = 0.000708 + 0.001385x0.06426 = 0.000797 m^/kg 
^ m 2 = V/v2 = 125,47 kg ; mf = 125.296 kg; mg = 0.174 kg 

Vf = mfVf = 0,0887 m^; Vg = mgVg = 0,0113 

Process is irreversible (throttling) S 2 > Sf 





2 


s 
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9.66 

A 1-m rigid tank contains 100 kg R-22 at ambient temperature, 15°C. A valve on 
top of the tank is opened, and saturated vapor is throttled to ambient pressure, 100 
kPa, and flows to a eolleetor system. During the proeess the temperature inside the 
tank remains at 15°C. The valve is elosed when no more liquid remains inside. 
Caleulate the heat transfer to the tank and total entropy generation in the proeess. 

Solution; 

C.V. Tank out to surroundings. Rigid tank so no work term. 

Continuity Eq.6.15; m 2 -mi=-mg; 

Energy Eq.6.16; m 2 U 2 - m^ui = Q^v - nighg 

Entropy Eq.9.12; m 2 S 2 - miSi = Qcv/Tsur “ + Sgen 

State 1; Table B.3.1, vj = Vj/mi = 1/100 = 0.000812 + xi 0.02918 
xj =0.3149, uj =61.88 + 0.3149 X 169.47 = 115.25 kJ/kg 

Si = 0.2382 + 0.3149 x 0.668 = 0.44855; hg = hg = 255.0 kJ/kg 
State 2; V 2 = Vg = 0.02999, U 2 = Ug = 23E35, S 2 = 0.9062 kJ/kg K 
Exit state; hg = 255.0, Pg = 100 kPa Tg =-4.7°C, Sg= 1.0917 
m2 = 1/0.02999 = 33.34 kg; mg = 100 - 33.34 = 66.66 kg 
Qcv = m 2 U 2 - miui + mghg 

= 33.34x231.35 - 100x115.25 + 66.66x255 = 13 186 kJ 
AScv = m2S2 - miSi = 33.34(0.9062) - 100(0.44855) = -14.642 

ASsur = - Qcv/Tsur + mgSe = -13186/288.2 + 66.66(E0917) = +27.012 

Sgen= ASnet = -14.642 + 27.012 = +12,37 kJ/K 

sat 
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9.67 


Air in a tank is at 300 kPa, 400 K with a volume of 2 m . A valve on the tank is 
opened to let some air eseape to the ambient to a final pressure inside of 200 kPa. 
Find the final temperature and mass assuming a reversible adiabatic process for 
the air remaining inside the tank. 

Solution; 

C.V. Total tank. 

Continuity Eq.6.15; m 2 - m^ = -mg^ 


Energy Eq.6.16: 

Entropy Eq.9.12; 
Process: 


m2U2 - miui = -mg^hgx + 1Q2 - 1W2 


m2S2 - misi =-mgxSex + 


I dQ/T + 1 


S 


2 gen 


Adiabatic iQ 2 = 0; rigid tank 1 W 2 = 0 


This has too many unknowns (we do not know state 2). 

C.V. m 2 the mass that remains in the tank. This is a control mass. 


Energy Eq. 5 . 11 : m2(u2 - ui) = 1Q2 - 1W2 

Entropy Eq. 8 . 14 : ni2(s2 - Si) = j dQ/T + ^82 gen 

Process: Adiabatic iQ2 = 0 ; Reversible iS2gen = 0 


S2 = Sl 


Ideal gas and process Eq.8.32 


To = T 


1 


ok-1 


P 




=400(200/300) 


0.2857 = 256.25 K 


P 2 V 


200 X 2 

0.287 x 356.25 -3.912 kg 


Notice that the 
work term is not 
zero for mass m 2 

The work goes 
into pushing the 
mass mgx out. 
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9.68 


'J 

An empty cannister of 0.002 m is filled with R-134a from a line flowing 
saturated liquid R-134a at 0°C. The fdling is done quickly so it is adiabatic. Find 
the final mass in the cannister and the total entropy generation. 

Solution; 

C.V. Cannister fdling process where: 1 Q 2 = 0 ; 1 W 2 = 0 ; m^ = 0 
Continuity Eq.6.15; m 2 - 0 = ; 


Energy Eq.6.16: m2U2 - 0 = miXne + ^ ^ ^ ^2 = hme 
Entropy Eq.9.12: m 2 S 2 - 0 = + 0 + 1 S 2 gen 

Inlet state; Table B.5.1 hjj^g = 200 kJ/kg, s^^jg =1.0 kJ/kg K 
State 2; P 2 = Piing and U 2 = hij„g = 200 kJ/kg > Uf 

X2 = (200 - 199.77) / 178.24 = 0.00129 

V 2 = 0.000773 + X 2 0.06842 = 0.000861 m^/kg 

S2 = 1.0 + X2 0.7262 = 1.000937 kJ/kg K 
m 2 = V / V2 = 0.002/0.000861 = 2.323 kg 

1 S 2 gen = m2(s2 - s^ne) = 2.323 (E00094 - 1) = 0.0109 kJ/K 
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9.69 

An old abandoned saltmine, 100 000 m in volume, eontains air at 290 K, 100 
kPa. The mine is used for energy storage so the local power plant pumps it up to 
2.1 MPa using outside air at 290 K, 100 kPa. Assume the pump is ideal and the 
process is adiabatic. Find the final mass and temperature of the air and the 
required pump work. 

Solution: 

C.V. The mine volume and the pump 
Continuity Eq.6.15: m 2 - m^ = m^jj 

Energy Eq.6.16: m 2 U 2 - m^ui = 1 Q 2 - 1 W 2 + 

Entropy Eq.9.12: m 2 S 2 - miSi = JdQ/T + 1 S 2 gen + mi„Si„ 

Process: Adiabatic 1 Q 2 = 0 , Process ideal iS2gen^0 5 si=Sijj 

^ m2S2 = miSi + mijjSin = (mi + mjsi = m2Si ^ S 2 = Si 

Constant s ^ Eq.8.28 Sj 2 = s°; + R ln(P 2 / Pjn) 

s ^2 = 6.83521 + 0.287 ln( 21 ) = 7.7090 kJ/kg K 
A.7 ^ T2 = 680K, U2 = 496.94 kJ/kg 

mi = PiVi/RTi = 100x10^/(0.287 x 290) = 1.20149 x 10^ kg 
m 2 = P 2 V 2 /RT 2 = 100 X 21x10^/(0.287 x 680) = 10.760 x 10® kg 

^ mjjj = 9.5585x10® kg 

1 W 2 = mi„hi„ + miui - m2U2 

= mi„(290.43) + mi(207.19) - m2(496.94) = -2.322 x 10^ kJ 



At 


400-- 
290-- 


2 


too kPa 


l,i 
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9.70 

Air in a tank is at 300 kPa, 400 K with a volume of 2 m . A valve on the tank is 
opened to let some air eseape to the ambient to a final pressure inside of 200 kPa. 
At the same time the tank is heated so the air remaining has a eonstant 
temperature. What is the mass average value of the s leaving assuming this is an 
internally reversible proeess? 

Solution: 

C.V. Tank, emptying proeess with heat transfer. 

Continuity Eq.6.15: m 2 - m^ = -mg 

Energy Eq.6.16: ni 2 U 2 - m^ui = -mghg + 1 Q 2 

Entropy Eq.9.12: ni 2 S 2 - m^s^ = -mgSg + 1 Q 2 /T + 0 

Proeess: T 2 = Tj => jQ2inat400K 

Reversible i S 2 gen = 0 

State 1: Ideal gas mj = PiV/RTj = 300 x 2/0.287 x 400 = 5.2265 kg 
State 2: 200 kPa, 400 K 

m 2 = P 2 V/RT 2 = 200 X 2/0.287 x 400 = 3.4843 kg 
=> mg = 1.7422 kg 

Prom the energy equation: 

1 Q 2 = m2U2 - miui + mghg 

= 3.4843 X 286.49 - 5.2265 x 286.49 + 1.7422 x 401.3 
= 1.7422(401.3 - 286.49) = 200 kJ 

mgSg = misi- m2S2 + 1 Q 2 /T 

= 5.2265[7.15926 - 0.287 In (300/100)] - 3.4843[7.15926 

- 0.287 In (200/100)] + (200/400) 
mgSg = 35.770 - 24.252 + 0.5 = 12.018 kJ/K 

Sg = 12.018/1.7422 = 6.89817 = 6.8982 kJ/kg K 

Note that the exit state e in this proeess is for the air before it is throttled 
aeross the diseharge valve. The throttling proeess from the tank pressure to 
ambient pressure is a highly irreversible proeess. 
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9.71 

An insulated 2 m tank is to be charged with R-134a from a line flowing the 
refrigerant at 3 MPa. The tank is initially evacuated, and the valve is closed when 
the pressure inside the tank reaches 3 MPa. The line is supplied by an insulated 
compressor that takes in R-134a at 5°C, quality of 96.5 %, and compresses it to 3 
MPa in a reversible process. Calculate the total work input to the compressor to 
charge the tank. 

Solution; 

C.V.: Compressor, R-134a. Steady 1 inlet and 1 exit flow, no heat transfer. 

1^*-Law Eq.6.13: q^ + h^ = h^ = h 2 + w^ 

Entropy Eq.9.8: Sj + j dq/T + Sggjj = s^ + 0 = S 2 

inlet: T^ = 5°C, xj = 0.965 use Table B.5.1 

Si = Sf + xiSfg = 1.0243 + 0.965x0.6995 = 1.6993 kJ/kg K, 
hi = hf + xihfg = 206.8 + 0.965x194.6 = 394.6 kJ/kg 
exit: P 2 = 3 MPa 

Prom the entropy eq.: S 2 = Si = 1.6993 kJ/kg K; 

T 2 = 90°C, h2 = 436.2 kJ/kg 
Wq = hi - h2 = -41.6 kJ/kg 

C.V.; Tank; Vj = 2 m^, P^ = 3 MPa 

1^*- Eaw Eq.6.16: Q + mjhj = m 2 U 2 - niiUi + m^hg + W; 

Process and states have: Q = 0, W = 0, m^ = 0, mi = 0, m 2 = mj 

U2 = hi = 436.2 kJ/kg 

Pinal state: Pj = 3 MPa, U 2 = 436.2 kJ/kg 

Tt = 101.9°C, Vt = 0.006783 m^/kg 
mj = Vx/vx = 294.84 kg; 

The work term is from the specific compressor work and the total mass 

-Wg = mjC-Wg) = 12 295 kJ 
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9.72 

An 0.2 m initially empty container is filled with water from a line at 500 kPa, 
200°C until there is no more flow. Assume the process is adiabatic and find the 
final mass, final temperature and the total entropy generation. 

Solution; 

C.V. The container volume and any valve out to line. 

Continuity Eq.6.15: m 2 - m^ = m 2 = mj 

Energy Eq.6.16; ni 2 U 2 - m^ui = m 2 U 2 = 1 Q 2 - 1 W 2 + mih; = mih; 

Entropy Eq.9.12; m 2 S 2 - m^s^ = m 2 S 2 = /dQ/T + ^82 ggj, + mjS; 


Process: Adiabatic iQ 2 = 0, Rigid 1 W 2 = 0 Flow stops P 2 = Piine 
State i: h; = 2855.37 kJ/kg; s; = 7.0592 kJ/kg K 

State 2: 500 kPa, U 2 = hj = 2855.37 kJ/kg => Table B.1.3 

T 2 = 332.9°C , S 2 = 7.5737 kJ/kg, V 2 = 0.55387 m^/kg 
m 2 = V/v 2 = 0.2/0.55387 = 0.361 kg 

From the entropy equation 

1S 2 gen = ^12^2 " 


= 0.361(7.5737 - 7.0592) = 0.186 kJ/K 
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9.73 

Air from a line at 12 MPa, 15°C, flows into a 500-L rigid tank that initially 
contained air at ambient conditions, 100 kPa, 15°C. The process occurs rapidly 
and is essentially adiabatic. The valve is closed when the pressure inside reaches 
some value, P 2 . The tank eventually cools to room temperature, at which time the 

pressure inside is 5 MPa. What is the pressure P 2 ? What is the net entropy change 

for the overall process? 

Solution; 

CV: Tank. Mass flows in, so this is transient. Find the mass first 


100x0.5 

mi “ PlV/RTj - Q 237 ^ 288.2 “ 

Fill to P2, then cool to T3 = 15°C, P3 = 5 MPa 

m3 = m2 = P3V/RT3 


5000 X 0.5 
0.287 X 288.2 


30.225 kg 



Mass: mj = m 2 - m^ = 30.225 - 0.604 = 29.621 kg 

In the process 1 -2 heat transfer = 0 

1st law Eq.6.16: mjhj = m 2 U 2 - m^u^ ; mjCpoTj = m 2 CvoT 2 ‘ 



29.621x1.004 + 0.604x0.717)x288.2 

30.225 X 0.717 


= 401.2 K 


P 2 = m 2 RT 2 W = (30.225 x 0.287 x 401.2)/0.5 = 6.960 MPa 
Consider now the total process from the start to the finish at state 3. 


Energy Eq.6.16: Q^y + najhi = m 2 U 3 - m^ui = m 2 h 3 - m^hj - (P 3 - Pi)V 
But, since Tj = T 3 = T^, mjhi = m 2 h 3 - m^hj 
^ Qcv = -(P 3 - Pl)V = -(5000 - 100)0.5 = -2450 kJ 
Erom Eqs.9.24-9.26 

ASnet = m3S3 - misi - mjSi - Qcv/Tq = m3(s3 - sj) - mi(si - sj) - Qcv/Tq 

= 30.225 [o-0.287 In^] - 0.604 [o-0.287 In + (2450 / 288.2) 


= 15.265 kJ/K 
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9.74 

An initially empty canister of volume 0.2 m is filled with carbon dioxide from a 
line at 1000 kPa, 500 K. Assume the process is adiabatic and the flow continues 
until it stops by itself. Use constant heat capacity to solve for the final mass and 
temperature of the carbon dioxide in the canister and the total entropy generated 
by the process. 

Solution; 

C.V. Cannister + valve out to line. No boundary/shaft work, mj = 0; Q = 0. 
Continuity Eq. 6.15; m 2 - 0 = m; 

Energy Eq.6.16; m 2 U 2 - 0 = m; hj 

Entropy Eq.9.12; ni 2 S 2 - 0 = mjSj + ^82 ggj, 

State 2; P 2 = P; and U 2 = h; = h^j^g = h 2 - RT 2 (ideal gas) 

To reduce or eliminate guess use; h 2 - hjjjjg = Cpg(T 2 - Ty^^g) 

Energy Eq. becomes; Cpg(T 2 - Ty^jg) - RT 2 = 0 

T 2 = Time Cpo/(Cpo - R) = Tyjig Cpg/Cvo = k Tyjig 

kJ 

UseA.5; Cp = 0.842 k = 1.289 => T 2 = 1.289x500 = 644.5 K 
m 2 = P 2 V/RT 2 = 1000x0.2/(0.1889x644.5) = 1.643 kg 

1 S 2 gen = 1^2 (S 2 - Si) = m 2 [ Cp ln(T 2 / Tyng) - R ln(P 2 / Pyne)] 

= 1.644[0.842xln(1.289) - 0] = 0.351 kJ/K 


kJ 


If we use A.8 at 550 K; Cp= 1.045^^^, k=1.22 

=> T 2 = 610 K, m 2 = 1.735 kg 
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9.75 

A cook filled a pressure eooker with 3 kg water at 20°C and a small amount of air 
and forgot about it. The pressure eooker has a vent valve so if P > 200 kPa steam 
escapes to maintain a pressure of 200 kPa. How mueh entropy was generated in 
the throttling of the steam through the vent to 100 kPa when half the original mass 
has escaped? 

Solution: 

The pressure cooker goes through a transient proeess as it heats water up to the 
boiling temperature at 200 kPa then heats more as saturated vapor at 200 kPa 
escapes. The throttling proeess is steady state as it flows from saturated vapor at 
200 kPa to 100 kPa which we assume is a constant h process. 

C.V. Pressure cooker, no work. 

Continuity Eq.6.15: m 2 - m^ = -mg 

Energy Eq.6.16: m 2 U 2 - m^ui = -mg hg + jQ 2 

Entropy Eq.9.12: ni 2 S 2 - m^s^ = -mg Sg + j dQ/T + ^82 ge„ 


State 1: vj = Vf= 0.001002 m^/kg V = m^v^ = 0.003006 m^ 

State 2: m 2 = mill =1.5 kg, V 2 = V/m 2 = 2vi, P 2 = 200 kPa 

Exit: hg = hg = 2706.63 kJ/kg, Sg = Sg = 7.1271 kJ/kg K 

So we can find the needed heat transfer and entropy generation if we know the 
C.V. surfaee temperature T. If we assume T for water then ^82 gen = 0, whieh is 

an internally reversible externally irreversible proeess, there is a AT between the 
water and the souree. 


C.V. Valve, steady flow from state e (200 kPa) to state 3 (at 100 kPa). 
Energy Eq.: h 3 = hg 


Entropy Eq.: S 3 = Sg + gS 3 generation in valve (throttle) 

State 3: 100 kPa, h 3 = 2706.63 kJ/kg Table B.1.3 ^ 


T 3 = 99.62+ (150-99.62) 


2706.63 -2675.46 
2776.38 -2675.46 


115.2°C 


S 3 = 7.3593 + (7.6133 - 7.3593) 0.30886 = 7.4378 kJ/kg K 
gSj gg„ = mg(s 3 - Sg) = 1.5 (7.4378 - 7.1271) = 0.466 kJ/K 
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Reversible shaft work, Bernoulli equation 


9.76 

A large storage tank eontains saturated liquid nitrogen at ambient pressure, 100 
kPa; it is to be pumped to 500 kPa and fed to a pipeline at the rate of 0.5 kg/s. 
How much power input is required for the pump, assuming it to be reversible? 

Solution; 

C.V. Pump, liquid is assumed to be incompressible. 

Table B.6.1 at P; = 101.3 kPa , Vp; = 0.00124 m^/kg 


Eq.9.18 

WpuMP = - Wcv = /vdP « VpiCPg - Pi) 

= 0.00124(500 - 101) = 0.494 kJ/kg 



WpuMP ^ ’^Wpppyip = 0.5 kg/s (0.494 kJ/kg) = 0,247 kW 
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Liquid water at ambient conditions, 100 kPa, 25°C, enters a pump at the rate of 


0.5 kg/s. Power input to the pump is 3 kW. Assuming the pump process to be 
reversible, determine the pump exit pressure and temperature. 

Solution; 

C.V. Pump. Steady single inlet and exit flow with no heat transfer. 

Energy Eq.6.13: w = h; - hg = W/rh = -3/0.5 = - 6.0 kJ/kg 
Using also incompressible media we can use Eq.9.18 



from which we can solve for the exit pressure 

Pg = 100 + 6.0/0.001003 = 6082 kPa = 6.082 MPa 


e 


Pump 



-W 


-W = 3kW, Pi = 100kPa 
T; = 25°C , m = 0.5 kg/s 


Energy Eq.: hg = h; - w = 104.87 - (-6) = 110.87 kJ/kg 
Use Table B. 1.4 at 5 MPa => Tg = 25.3°C 


Remark: 



If we use the software we get: 
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9.78 

A small dam has a pipe carrying liquid water at 150 kPa, 20°C with a flow rate of 
2000 kg/s in a 0.5 m diameter pipe. The pipe runs to the bottom of the dam 15 m 
lower into a turbine with pipe diameter 0.35 m. Assume no friction or heat 
transfer in the pipe and And the pressure of the turbine inlet. If the turbine 
exhausts to 100 kPa with negligible kinetic energy what is the rate of work? 

Solution; 

C.V. Pipe. Steady flow no work, no heat transfer. 



3 


1 

States: compressed liquid B. 1.1 V 2 « « Vf = 0.001002 m/kg 

Continuity Eq.6.3: rii = p AV = AV/v 

Vi = mvi/Ai =2000 X 0.001002/(^0.52)= 10.2 m s'^ 

V 2 = rhv 2 /A 2 = 2000 X 0.001002/(^0.352) = 20.83 ms'^ 

From Bernoulli Eq.9.17 for the pipe (incompressible substance): 

v(P 2 - Pi) + ^ (V 2 - +g(Z 2 -Zi ) = 0^ 

P 2 = Pi + [i (Vi - V 2 ) + g (Zi - Z 2 )]/v 

= 150 + [^x 10.22 - |x 20.832 + 9.80665 x 15]/(1000 x 0.001002) 

= 150- 17.8 = 132.2 kPa 

Note that the pressure at the bottom should be higher due to the elevation 
difference but lower due to the acceleration. 

Now apply the energy equation Eq.9.14 for the total control volume 

w = - j V dP +1 (Vj - V 3 ) + g(Zi - Z 3 ) 

= - 0.001002 (100 - 150) + [|x 10.22 + 9.80665 x 15] /lOOO = 0.25 kJ/kg 
W = rhw = 2000 xO.25 = 500 kW 
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9.79 

A firefighter on a ladder 25 m above ground should be able to spray water an 
additional 10 m up with the hose nozzle of exit diameter 2.5 cm. Assume a water 
pump on the ground and a reversible flow (hose, nozzle included) and find the 
minimum required power. 

Solution; 

C.V.: pump + hose + water column, total height difference 35 m. Here V is 
velocity, not volume. 

Continuity Eq.6.3, 6.11; mj^j = mg^ = (pAV)jjg 2 zie 

Energy Eq.6.12; ni(-Wp) + m(h + V^/2 + gz)i„ = m(h + V^/2 + gz)^^ 
Process; h|„ = hg^ , = Vg^ = 0 , Zg^ - zj^j = 35 m, p = 1/v = 1/vf 

-Wp = g(Zgx - Zjjj) = 9.81x(35 - 0) = 343.2 J/kg 

The velocity in the exit nozzle is such that it can rise 10 m. Make that column 
a C.V. for which Bernoulli Eq.9.17 is; 




= (71/4) 0.025^ 


X 14/0.001 =6.873 



-Wp = -mWp = 6.873 kg/s x 343.2 J/kg = 2,36 kW 
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9.80 

A small pump is driven by a 2 kW motor with liquid water at 150 kPa, 10°C 
entering. Find the maximum water flow rate you can get with an exit pressure of 1 
MPa and negligible kinetic energies. The exit flow goes through a small hole in a 
spray nozzle out to the atmosphere at 100 kPa. Find the spray velocity. 

Solution; 

C.V. Pump. Liquid water is incompressible so work from Eq.9.18 
W = mw = -mv(Pg - Pj) ^ 

m= W/ [-v(Pe - Pi) ] = -2/[-0.001003 ( 1000 - 150) ] = 2.35 kg/s 
C.V Nozzle. No work, no heat transfer, v ~ constant => Bernoulli Eq.9.17 

= vAP = 0.001 ( 1000 - 100) = 0.9 kJ/kg = 900 J/kg 

Vgx = y/2 X 900 J/kg = 42,4 m s 
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9.81 

A garden water hose has liquid water at 200 kPa, 15°C. How high a veloeity can 
be generated in a small ideal nozzle? If you direct the water spray straight up how 
high will it go? 

Solution: 


Liquid water is incompressible and we will assume process is reversible. 


Bernoulli’s Eq. across the nozzle Eq.9.17: 


vAP = A(| V^) 


V = y/2vAP = y/2x0.001001 x (200-101) x 1000 = 14,08 m/s 


Bernoulli’s Eq.9.17 for the column: 


A^ V2) = AgZ 


AZ = A(^ V^Vg = vAP/g = 0.001001 x (200 - 101) x 1000/9.807 = 10.1 m 
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9.82 

Saturated R-134a at -10°C is pumped/compressed to a pressure of 1.0 MPa at the 
rate of 0.5 kg/s in a reversible adiabatic process. Calculate the power required and 
the exit temperature for the two cases of inlet state of the R-134a: 

a) quality of 100 %. 

b) quality of 0 %. 

Solution; 


C.V.: Pump/Compressor, rh = 0.5 kg/s, R-134a 

a) State 1: Table B.5.1, = -10°C, x^ = 1.0 Saturated vapor 

Pi = Pg = 202 kPa, hi = hg = 392.3 kJ/kg, Si = Sg = 1.7319 kJ/kg K 
Assume Compressor is isentropic, S 2 = Si = 1.7319 kJ/kg-K 

h2 = 425.7 kJ/kg, T 2 = 45'’C 

1^*-Law Eq.6.13; qc + hi = h 2 + Wc; qc = 0 

Wes = hi - h2 =-33.4 kJ/kg; => = riiwc =-16,7 kW 

b) State 1: Ti = -10°C, xj = 0 Saturated liquid. This is a pump. 


Pi = 202 kPa, hi = hf = 186.72 kJ/kg, vi = Vf = 0.000755 m^/kg 


1^^ Law Eq.6.13; qp + hi = h 2 + Wp; qp = 0 
Assume Pump is isentropic and the liquid is incompressible, Eq.9.18 


w 


ps 


= - j V dP = -vi(P 2 - Pi) = -0.6 kJ/kg 


h 2 = hi - Wp = 186.72 - (- 0.6) = 187.3 kJ/kg, P 2 = 1 MPa 
Assume State 2 is approximately a saturated liquid => T 2 = -9,6“C 


Wp = mwp = -0.3 kW 


Ap 
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9.83 

A small water pump on ground level has an inlet pipe down into a well at a depth 
H with the water at 100 kPa, 15°C. The pump delivers water at 400 kPa to a 
building. The absolute pressure of the water must be at least twice the saturation 
pressure to avoid cavitation. What is the maximum depth this setup will allow? 

Solution; 


C.V. Pipe in well, no work, no heat transfer 
From Table B.1.1 

p inlet pump ^ 2 P^at, i5c= 2x1.705 = 3.41 kPa 
Process: 

Assume A KE w 0 , v w constant. => 
Bernoulli Eq.9.17: 

V AP + g H = 0 => 

1000 X 0.001001 ( 3.41 - 100) + 9.80665 x H = 0 

^ H = 9.86 m 



Since flow has some kinetic energy and there are losses in the pipe the height 
is overestimated. Also the start transient would generate a very low inlet 
pressure (it moves flow by suction) 
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9.84 

A small pump takes in water at 20°C, 100 kPa and pumps it to 2.5 MPa at a flow 
rate of 100 kg/min. Find the required pump power input. 

Solution: 

C.V. Pump. Assume reversible pump and ineompressible flow. 

This leads to the work in Eq.9.18 

Wp = -/vdP = -Vi(Pe - Pi) = -0.001002(2500 - 100) = -2.4 kJ/kg 


Wp = mwp 


100 kg/min 
60 see/min 


(-2.4 kJ/kg) = -4,0 kW 
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9.85 

A pump/compressor pumps a substance from 100 kPa, 10°C to 1 MPa in a 
reversible adiabatic process. The exit pipe has a small crack, so that a small 
amount leaks to the atmosphere at 100 kPa. If the substance is (a) water, (b) R-12, 
find the temperature after compression and the temperature of the leak flow as it 
enters the atmosphere negleeting kinetie energies. 

Solution: 

C.V.: Compressor, reversible adiabatic 
Eq.6.13: hi-W(. = h 2 ; Eq.9.8: = S 2 

State 2: P 2 , §2 = 

C.V.: Craek (Steady throttling process) 

Eq.6.13: h 3 = h 2 ; Eq.9.8: S 3 = S 2 + Sggjj 

State 3: P 3 , h 3 = h 2 



a) Water 1: eompressed liquid. Table B. 1.1 

-W(. = + /vdP = Vfi(P 2 - Pi) = 0.001 X (1000 - 100) = 0.9 kJ/kg 


h 2 = hi - w, = 41.99 + 0.9 = 42.89 kJ/kg => T 2 = 10.2°C 
P 3 , h 3 ^ eompressed liquid at ~10,2°C 


iP 



V 



States 1 and 3 are at 
the same 100 kPa, 
and same v. You 
cannot separate them 
in the P-v fig. 


b) R-12 1: superheated vapor. Table B.3.2, si = 0.8070 kJ/kg K 
S 2 = Si & P 2 ^ T 2 = 98.5°C , h 2 = 246.51 kJ/kg 
-Wc = h 2 - hi = 246.51 - 197.77 = 48.74 kJ/kg 
P3,h3 ^ T3 = 86.8°C 


^P 
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9.86 

Atmospheric air at 100 kPa, 17°C blows at 60 km/h towards the side of a 
building. Assume the air is nearly incompressible find the pressure and the 
temperature at the stagnation point (zero velocity) on the wall. 

Solution; 

C.V. A stream line of flow from the freestream to the wall. 


Eq.9.17: 

v(Pj-Pi) +1 (V^-v5 + g(Ze - Zi) = 0 



Vi = 60^x lOOOj^x 3^2= 16.667 m/s 


RT; 0.287 x 290.15 _m3 


V = 


Pi 


100 


= 0.8323 


kg 


_-0 17kPa 

2v'^i 0.8323 x 2000 


Pe = Pi +AP= 100.17 kPa 
Then Eq.8.32 for an isentropic process: 

Te = Ti (Pg/P/-^^^ = 290.15 X 1.0005 = 290.3 K 

Very small effect due to low velocity and air is light (large specific volume) 
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9.87 

You drive on the highway with 120 km/h on a day with 17°C, 100 kPa 
atmosphere. When you put your hand out of the window flat against the wind you 
feel the foree from the air stagnating, i.e. it comes to relative zero velocity on 
your skin. Assume the air is nearly incompressible and find the air temperature 
and pressure right on your hand. 

Solution: 


Energy Eq.6.13: 




iw2 


1 


Tst = To + 2V /Cp = 17+ 2 [(120xl000)/3600r x (1/1004) 


= 17 + 555.5/1004 = 17.6°C 
V = RVPo = 0.287 X 290/100 = 0.8323 m^/kg 
Prom Bernoulli Eq.9.17: 

vAP = ^ 
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9.88 

An air flow at 100 kPa, 290 K, 200 m/s is directed towards a wall. At the wall the 
flow stagnates (comes to zero velocity) without any heat transfer. Find the 
stagnation pressure a) assuming incompressible flow b) assume an adiabatic 
compression. Hint; T comes from the energy equation. 

Solution; 

Ideal gas; v = RT^/Pq = 0.287 x 290/100 = 0.8323 m^/kg 

Kinetic energy; 2 ^ 2 (200^/1000) = 20 kJ/kg 


a) Reversible and incompressible gives Bernoulli Eq.9.17; 


AP = ^V2/v = 20/0.8323 
= 24 kPa 

Pst = Pq + AP = 124 kPa 

b) adiabatic compression 

Energy Eq.6.13; ^V^ + hQ = hst 



hst - ho = i V2 = CpAT 

AT = ^V2/Cp = 20/1.004 = 19.92°C 

=> Tst = 290 + 19.92 = 309.92 K 
Entropy Eq.9.8 assume also reversible process; 

Sq + Sggjj + J'(l/T) dq — Sgt 


as dq = 0 and Sgg^ = 0 then it follows that s = constant 
This relation gives Eq.8.32; 





100 X (309.92/290)3-5 = 126 kPa 
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9.89 

Calculate the air temperature and pressure at the stagnation point right in front of 
a meteorite entering the atmosphere (-50 °C, 50 kPa) with a veloeity of 2000 m/s. 
Do this assuming air is incompressible at the given state and repeat for air being a 
compressible substanee going through an adiabatic compression. 

Solution: 

Kinetie energy: (2000)2/1000 = 2000 kJ/kg 

Ideal gas: v^tm = RT/P = 0.287 x 223/50 =1.28 m^/kg 

a) incompressible 

Energy Eq.6.13: Ah = ^ = 2000 kJ/kg 

If A.5 AT = Ah/Cp = 1992 K unreasonable, too high for that Cp 

Use A.7: h^t = h^ +1V2 = 223.22 + 2000 = 2223.3 kJ/kg 

Tst= 1977K 

Bernoulli (incompressible) Eq.9.17: 

AP = P^t - Pq = 1 V2/v = 2000/1.28 = 1562.5 kPa 

Pst = 1562.5 + 50 = 1612.5 kPa 

b) compressible 

Tgt = 1977 K the same energy equation. 

Prom A.7.1: Sj ^t ^ 8.9517 kJ/kg K; 

Eq.8.28: 

Pst = Pq X e(sT St ■ 

8.9517- 6.5712 ^ 

= 50 X exp [ ] 

= 200 075 kPa 


Sto = 6.5712 kJ/kgK 



Notice that this is highly compressible, v is not constant. 
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9.90 

Helium gas enters a steady-flow expander at 800 kPa, 300°C, and exits at 120 
kPa. The mass flow rate is 0.2 kg/s, and the expansion process can be considered 
as a reversible polytropic process with exponent, n = 1.3. Calculate the power 
output of the expander. 

Solution; 



CV: expander, reversible polytropic process. 
From Eq.8.37: 



573.2 


f—1 

l 800 j 


03 

^■^ = 370K 


Work evaluated from Eq.9.19 


nR 


w 


= -/vdP = --7 (Te - Ti) = 


-1.3 X 2.07703 
0.3 


(370 - 573.2) 


= 1828.9 kJ/kg 


W = mw = 0.2 X 1828.9 = 365.8 kW 


iP 


T 



1 n = 

n= 1 

1 ^ 




^ n- 1.3 


n = k= 1.667 


n= 1 


n= 1 


V 
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9.91 


Air at 100 kPa, 300 K, flows through a device at steady state with the exit at 1000 
K during which it went through a polytropic process with n = 1.3. Find the exit 
pressure, the specific work and heat transfer. 

Solution; 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.6.13: h^ + q = h 2 + w Neglect kinetic, potential energies 


Entropy Eq.9.8; s^ + 


Jdq/T 


+ Sggjj S2 


T = 1000 K; 


Ti = 300K; Pi= lOOkPa 


n 


Process Eq.8.37: P^ = Pi (V T/ = 100 (1000/300) = 18 442 kPa 

and the process leads to Eq.9.19 for the work term 


O 
0.3 _ 


w = 


(Eg - Tj) = (1.3/-0.3) X 0.287 x (1000 - 300) 


= - 849.3 kJ/kg 

q = hg - h; + w = 1046.2 - 300.5 - 849.3 

= -103.6 kJ/kg 




Notice: 
dP>0 
so dw <0 


V 


s 


ds < 0 
so dq < 0 
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9.92 


A flow of 4 kg/s ammonia goes through a device in a polytropic process with an 
inlet state of 150 kPa, -20°C and an exit state of 400 kPa, 80°C. Find the 
polytropic exponent n, the specific work and heat transfer. 

Solution; 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.6.13; h^ + q = h 2 + w Neglect kinetic, potential energies 

Entropy Eq.9.8; s^ + j dq/T + Sggjj = S 2 


Process Eq.8.37; P^vi*^ = P 2 V 2 "; 

State 1; Table B.2.2 vi= 0.79774, si= 5.7465 kJ/kg K, hi= 1422.9 kJ/kg 
State 2; Table B.2.2 V 2 = 0.4216, S 2 = 5.9907 kJ/kg K, h 2 = 1636.7 kJ/kg 

In (P 2 /P 1 ) = n In (v^/ V 2 ) => 0.98083 = n x 0.63772 

n = In (P 2 /P 1 ) / In (v^/ V 2 ) = 1.538 
From the process and the integration of v dP gives Eq.9.19. 

Wshaft = - (P 2 V 2 - Pivi) = -2.8587 (168.64 -119.66) = -140.0 kJ/kg 

q = h 2 + w - hi = 1636.7 - 1422.9 - 140 = 73.8 kJ/kg 



11= 1 


n= 1.54 



AT 


n ^ k ^ 1.3 

2 rfn= 1.54 

n= 1 




Notice; 
dP>0 
so dw <0 


ds > 0 
so dq > 0 


V 
















Sonntag, Borgnakke and van Wylen 


9.93 


Carbon dioxide flows through a device entering at 300 K, 200 kPa and leaving at 


500 K. The process is steady state polytropic with n = 3.8 and heat transfer comes 
from a 600 K source. Find the specific work, specific heat transfer and the 
specific entropy generation due to this process. 

Solution: 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.6.13: h; + q = hg + w Neglect kinetic, potential energies 

Entropy Eq.9.8: S; + j dq/T + Sgg^ = Sg 
Process Eq.8.37: 


n 


3.8 


Pg = Pi (Tg/Tjf= 200(500/300)2= 400 kPa 


= 200(500/300)2'8 = 400 kPa 


and the process leads to Eq.9.19 for the work term 


w = R (Tg - Ti) = -|f X 0.1889 x (500 - 300) = -51.3 kJ/kg 


Energy equation gives 


q = hg - hi + w = 401.52 - 214.38 - 51.3 = 135.8 kJ/kg 


Entropy equation gives (CV out to source) 



= 5.3375 - 4.8631 - 0.1889 In (400/200) - (135.8/600) 

= 0.117 kJ/kgK 


iP 




Notice: 
dP>0 
so dw <0 



ds > 0 


so dq > 0 


V 


s 


Notice process is externally irreversible, AT between source and CO 2 
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9.94 

An expansion in a gas turbine can be approximated with a polytropic process with 
exponent n = 1.25. The inlet air is at 1200 K, 800 kPa and the exit pressure is 125 
kPa with a mass flow rate of 0.75 kg/s. Find the turbine heat transfer and power 
output. 


Solution; 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.6.13; hj + q = he + w Neglect kinetic, potential energies 

Entropy Eq.9.8; S; + j dq/T + Sggjj = Sg 
Process Eq.8.37; 

ti-l 0.25 

Tg = T; (Pg/ Pj) = 1200 (125/800)^'2^ = 827.84 K 

so the exit enthalpy is from Table A.7.1 

27 84 

hg = 822.2 + ^^(877.4 - 822.2) = 852.94 kJ/kg 

The process leads to Eq.9.19 for the work term 

. nR 1.25 x 0.287 

W = mw = -m^ (Tg - Tj) = -0.75--x (827.84 - 1200) 

= 400.5 kW 

Energy equation gives 

Q = rnq = m(hg - hj) + W = 0.75(852.94 - 1277.81) + 400.5 
= -318.65 + 400.5 = 81.9 kW 


Ap 



11 = 1 


n= 1.25 





n= 1 


n= 1.25 



Notice; 
dP<0 
so dw > 0 

ds > 0 
so dq > 0 


Notice this process has some heat transfer in during expansion which is 
unusual. The typical process would have n = 1.5 with a heat loss. 
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Device efficiency 
9.95 

Find the isentropic efficiency of the R-134a compressor in Example 6.10 
Solution: 

State 1: Table B.5.2 hj = 387.2 kJ/kg; Sj = 1.7665 kJ/kg K 
State 2ac: h 2 = 435.1 kJ/kg 

State 2s: s = 1.7665 kJ/kg K, 800 kPa => h = 431.8 kJ/kg; T = 46.8°C 
■Wc s ^ 1 ^ 431.8 - 387.2 = 44.6 kJ/kg 

-Wac = 5/0.1 = 50 kJ/kg 
h = Wc g/ Wac = 44.6/50 = 0,89 
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9.96 

A compressor is used to bring saturated water vapor at 1 MPa up to 17.5 MPa, 
where the aetual exit temperature is 650°C. Find the isentropic eompressor 
effieieney and the entropy generation. 

Solution: 

C.V. Compressor. Assume adiabatic and neglect kinetic energies. 

Energy Eq.6.13: w = h^ - h 2 

Entropy Eq.9.8: §2 = s^ + 

We have two different eases, the ideal and the aetual eompressor. 

States: 1: B.1.2 h^ = 2778.1 kJ/kg, s^ = 6.5865 kJ/kg K 

2ae: B.1.3 h 2 ^AC = 3693.9 kJ/kg, S 2 ,ac = 6.7357 kJ/kg K 
2s: B.1.3 (P, s = si) h 2 g = 3560.1 kJ/kg 

IDEAL: ACTUAL: 

-Wc,s = h2,s - hi = 782 kJ/kg -Wc,AC = h2,AC ' hi = 915.8 kJ/kg 


Definition Eq.9.28: 


fie ^ ’^c,s/’^c,AC ^ 0,8539 ~ 85% 


Entropy Eq.9.8: 

Sgen = S2 ac - Si = 6.7357 - 6.5865 = 0.1492 kJ/kg K 
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9.97 

Liquid water enters a pump at 15°C, 100 kPa, and exits at a pressure of 5 MPa. If 
the isentropie effieieney of the pump is 75%, determine the enthalpy (steam table 
referenee) of the water at the pump exit. 

Solution; 

CV: pump Qcv ~ « 0, APE « 0 

2nd law, reversible (ideal) process: s^g = sj ^ 

Eq.9.18 for work term. 

es 

Wg = -/vdP « -Vi(Pe - Pi) = -0.001001(5000 - 100) = -4.905 kJ/kg 

1 

Real process Eq.9.28: w = Wg/pg = -4.905/0.75 = -6.54 kJ/kg 
Energy Eq.6.13: hg = hj - w = 62.99 + 6.54 = 69.53 kJ/kg 
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9.98 


A centrifugal compressor takes in ambient air at 100 kPa, 15°C, and discharges it 
at 450 kPa. The compressor has an isentropic efficiency of 80%. What is your 
best estimate for the discharge temperature? 

Solution; 

C.V. Compressor. Assume adiabatic, no kinetic energy is important. 

Energy Eq.6.13: w = h^ - h 2 


Entropy Eq.9.8: §2 = s^ + Sggjj 


We have two different cases, the ideal and the actual compressor. 
We will solve using constant specific heat. 

State 2 for the ideal, Sggjj = 0 so S 2 = s^ and it becomes: 


Eq.8.32: 




k-l 

=288.15 (450/ 100)®'^^^^ 


= 442.83 K 


Ws = hi - h2s = Cp (Ti - T2 s) = 1.004 (288.15 - 442.83) = -155.299 
The actual work from definition Eq.9.28 and then energy equation: 
Wac = -155.299 / 0.8 = -194.12 kJ/kg = hi - h2 = Cp(Ti - T 2 ) 

^ T2 = Ti-Wac/Cp 

= 288.15 + 194.12/1.004= 481.5 K 


Solving using Table A.7.1 instead will give 

State 1: Table A.7.1: s^j = 6.82869 kJ/kg K 
Now constant s for the ideal is done with Eq.8.28 

St2s = 4i + R = 6.82869 + 0.287 InCy^) = 7.26036 kJ/kg K 

Erom A.7.1: T 2 g = 442.1 K and h 2 g = 443.86 kJ/kg 

Ws = hi - h2g = 288.57 - 443.86 = -155.29 kJ/kg 

The actual work from definition Eq.9.28 and then energy equation: 
wac = -155.29/0.8 = -194.11 kJ/kg 

^ h 2 = 194.11 +288.57 = 482.68, Table A.7.1; T 2 = 480K 
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9.99 

An emergency drain pump should be able to pump 0.1 m /s liquid water at 15°C, 
10 m vertically up delivering it with a velocity of 20 m/s. It is estimated that the 
pump, pipe and nozzle have a combined isentropic efficiency expressed for the 
pump as 60%. How much power is needed to drive the pump? 

Solution; 

C.V. Pump, pipe and nozzle together. Steady flow, no heat transfer. 

Consider the ideal case first (it is the reference for the efficiency). 

Energy Eq.6.12; mj(hi + V^i/2 + gZj) + = mg(hg + + gZg) 

Solve for work and use reversible process Eq.9.13 

= lil [hg - hi + (V2g -V2i)/2 + g(Zg - Zj)] 

= Pg -POv + v2g/2 + gAZ] 

m = V/v = 0.1/0.001001 = 99.9 kg/s 

Wins = 99.9[0 + (20^/2) X (1/1000) + 9.807 x (10/1000)] 

= 99.9(0.2 + 0.09807) = 29.8 kW 
With the estimated efficiency the actual work, Eq.9.28 is 

Winactual = = 29.8/0.6 = 49.7 kW = 50 kW 
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9.100 

A pump receives water at 100 kPa, 15°C and a power input of 1.5 kW. The pump 
has an isentropic efficiency of 75% and it should flow 1.2 kg/s delivered at 30 m/s 
exit velocity. How high an exit pressure can the pump produce? 

Solution; 

CV Pump. We will assume the ideal and actual pumps have same exit 
pressure, then we can analyse the ideal pump. 

Specific work: w^^^. = 1.5/1.2 = 1.25 kJ/kg 

Ideal work Eq.9.28: = p w^^^. = 0.75 x 1.25 = 0.9375 kJ/kg 

As the water is incompressible (liquid) we get 
Energy Eq.9.14: 

Ws = (Pe - Pi)v + vV2 = (Pe ' Pi)0.001001 + (30^/2)/!000 

= (Pe-Pi)0.001001 + 0.45 

Solve for the pressure difference 

Pg - Pi = (Wg - 0.45)/0.001001 = 487 kPa 

Pg = 587 kPa 
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9.101 

A small air turbine with an isentropic efficiency of 80% should produce 270 kJ/kg 
of work. The inlet temperature is 1000 K and it exhausts to the atmosphere. Find 
the required inlet pressure and the exhaust temperature. 

Solution; 

C.V. Turbine actual energy Eq.6.13: 

w = h; - hg aj. = 270 kJ/kg 

Table A.7; hi = 1046.22 ^ hg^^g = 776.22 kJ/kg, = 757.9 K 

C.V. Ideal turbine, Eq.9.27 and energy Eq.6.13; 

Wg = w/ps = 270/0.8 = 337.5 = h; - hg^g ^ hg^^ = 708.72 kJ/kg 

From Table A.7; Tg ^5 = 695.5 K 

Entropy Eq.9.8; S; = Sg g adiabatic and reversible 

To relate the entropy to the pressure use Eq.8.28 inverted and standard 
entropy from Table A.7.1; 

Pg/Pj = exp[ (s^g - s^i) / R ] = exp[(7.733 - 8.13493)/0.287] = 0.2465 
Pi = Pg / 0.2465 = 101.3/0.2465 = 411 kPa 



If constant heat capacity were used 

Tg = Ti - w/Cp = 1000 - 270/1.004 = 731 K 

C.V. Ideal turbine, Eq.9.27 and energy Eq.6.13; 

Wg = w/pg = 270/0.8 = 337.5 kJ/kg = hj - hg g = Cp(Ti - Tg g) 

Tg g = Ti - Wg/Cp = 1000 - 337.5/1.004 = 663.8 K 

Eq.9.8 (adibatic and reversible) gives constant s and relation is Eq.8.32 

Pg/Pi = (Tg/Ti)'^('"-l) ^ Pi = 101.3 (1000/663.8)3-5 = 425 kPa 
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9.102 

Repeat Problem 9.42 assuming the turbine and the pump each have an isentropic 
efficiency of 85%. 

Solution; 




= P 4 = 20 MPa 
= 700 °C 
= P 3 = 20 kPa 
= 40 °C 


rip = Pt ^ 85% 



State 1;(P,T) Table B. 1.3 hi = 3809.1 kJ/kg, si = 6.7993 kJ/kg K 

C.V. Turbine. First we do the ideal, then the actual. 

Entropy Eq.9.8; §2 = Si = 6.7993 kJ/kg K 

Table B.1.2 Sj = 0.8319 + X2 x 7.0766 => X2 = 0.8433 


h 2 s = 251.4 + 0.8433 x 2358.33 = 2240.1 kJ/kg 
Energy Eq.6.13; w-p § = hi - h 2 ^ = 1569 kJ/kg 

wt AC = OtWi s = 1333,65 = hi - h 2 ac 
h2 AC=hi - Wt AC = 2475.45 kJ/kg; 

X 2 ,AC = (2475.45 - 251.4)72358.3 = 0.943 , T2ac=60.06°C 

b) 

State 3; (P, T) Compressed liquid, take sat. liq. Table B. 1.1 

h 3 = 167.54 kJ/kg, V 3 = 0.001008 m^/kg 
wp s = - V 3 ( P 4 - P 3 ) = -0.001008(20000 - 20) = -20.1 kJ/kg 
-Wp,AC = -Wp,s/Tlp = 20.1/0.85 = 23.7 = hp- h 3 

h4,AC= 191.2 T 4 ac = 45.7°C 

c) The heat transfer in the boiler is from energy Eq.6.13 

Oboiier = hi -h 4 = 3809.1 - 191.2 = 3617.9 kJ/kg 
Wnet = 1333.65 - 23.7 = 1310 kJ/kg 

Pth ~ Wjjg(/qi,Qiigj = 3 g jy 9 ~ 0,362 
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9.103 


Repeat Problem 9.41 assuming the steam turbine and the air compressor each 
have an isentropic efficiency of 80%. 

A certain industrial process requires a steady supply of saturated vapor steam at 
200 kPa, at a rate of 0.5 kg/s. Also required is a steady supply of compressed air 
at 500 kPa, at a rate of 0.1 kg/s. Both are to be supplied by the process shown in 
Fig. P9.41. Steam is expanded in a turbine to supply the power needed to drive 
the air compressor, and the exhaust steam exits the turbine at the desired state. Air 
into the compressor is at the ambient conditions, 100 kPa, 20°C. Give the required 
steam inlet pressure and temperature, assuming that both the turbine and the 
compressor are reversible and adiabatic. 

Solution; 

C.V. Each device. Steady flow. 

Both adiabatic (q = 0) and actual 

devices (Sgg^ > 0 ) given by r\^j 

and rise- 



Steam turbine Air compressor 


k-l 


Air Eq.8.32, T 4 , = T 3 (P 4 /P 3 ) k = 293.2 


^ 500 " 

vlOOy 


0.286 


= 464.6 K 


Wcs = m 3 (h 3 - h 4 ,) = 0.1 X 1.004(293.2 - 464.6) = -17.21 kW 


Wcs = m 3 (h 3 - h 4 ) = Wc^ /Psc = -lV.2/0.80 = -21.5 kW 


Now the actual turbine must supply the actual compressor work. The 
actual state 2 is given so we must work backwards to state 1 . 


Wj = +21.5 kW = rhi(hi - h 2 ) = 0.5(hi - 2706.6) 

^ hi = 2749.6 kJ/kg 

Also, ti,t = 0.80 = (hi - h 2 )/(hi - h 2 ,) = 43/(2749.6 - h 2 ,) 

^ h2s = 2695.8 kJ/kg 

2695.8 = 504.7+ X2s(2706.6- 504.7) => X 2 s = 0.9951 

S 2 s = 1.5301 + 0.9951(7.1271 - 1.5301) = 7.0996 kJ/kg K 

(si = S 2 s, hi) ^ Pi = 269 kPa, Ti = 143.5°C 
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9.104 

Steam enters a turbine at 300°C, 600 kPa and exhausts as saturated vapor at 20 
kPa. What is the isentropic effieieney? 

Solution: 

C.V. Turbine. Steady single inlet and exit flow. 

To get the efficiency we must compare the actual turbine to the ideal one (the 
reference). 

Energy Eq.6.13: wj = h^ - h 2 ; 

Entropy Eq.9.8: S 2 s = + Sggjj = s^ 

Process: Ideal Sggjj = 0 

State 1: Table B.1.3 h^ = 3061.63 kJ/kg, s^ = 7.3723 kJ/kg K 
State 2s: 20 kPa, S 2 s = = 7.3723 kJ/kg K < Sg so two-phase 

s-Sf 7.3723 -0.8319 

^2s- Sfg “ 7.0766 -0-92423 

^28 ^ hf + X2s hfg = 251.38 + X2s X 2358.33 = 2431.0 kJ/kg 
wts = hi - h2s = 3061.63 - 2431.0 = 630.61 kJ/kg 
State 2ac: Table B. 1.2 h 2 ac = 2609.7 kJ/kg, S 2 ac = 2.9085 kJ/kg K 
Now we can consider the actual turbine from energy Eq.6.13: 

wjg = hi - h2ac = 3061.63 - 2609.7 = 451.93 
Then the efficiency from Eq. 9.27 

Pt ^ wjg / wjs = 451.93/630.61 = 0,717 
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9.105 

A turbine receives air at 1500 K, 1000 kPa and expands it to 100 kPa. The turbine 
has an isentropic efficiency of 85%. Find the actual turbine exit air temperature 
and the specific entropy increase in the actual turbine. 

Solution; 

C.V. Turbine, steady single inlet and exit flow. 

To analyze the actual turbine we must first do the ideal one (the reference). 
Energy Eq.6.13: wj = h^ - h 2 ; 

Entropy Eq.9.8; §2 = s^ + Sgg^ = s^ 

Entropy change in Eq.8.28 and Table A.7.1; 

Sj 2 = Sti + R ln(P 2 /Pi) = 8.61208 + 0.287 ln(100/1000) = 7.95124 
Interpolate in A.7 => T 2 s = 849.2, h 2 s = 876.56 => 

wj = 1635.8 - 876.56 = 759.24 kJ/kg 
Now we can consider the actual turbine from Eq.9.27 and Eq.6.13: 

wjg = pj wj = 0.85 X 759.24 = 645.35 = h^ - h2ac 

=> h2ac = hi - wL ==> T2,e = MlK 
The entropy balance equation is solved for the generation term 

Sgen = S2ac ' §1 = 8-078 - 8.6121 - 0.287 ln(100/1000) = 0.1268 kJ/kg K 
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9.106 

The small turbine in Problem 9.38 was ideal. Assume instead the isentropie 
turbine efficiency is 88 %. Find the actual specific turbine work and the entropy 
generated in the turbine. 

Solution; 


Continuity Eq. 6 .11; (Steady) 

• • • • 

mj = m 2 = m 3 = m 

Turbine; Energy Eq.6.13; 

Wj = hj - h2 



Entropy Eq.9.8; S 2 = + Sj gg„ 

Inlet state; Table B.1.3 h^ = 3917.45 kJ/kg, s^ = 7.9487 kJ/kg K 

Ideal turbine Sj = 0, 82 = 8 ^= 7.9487 = Sq + x Sfg 2 

State 2; P=10kPa, 82 < 8 g => saturated 2-phase in Table B. 1.2 

^ X 2 ^s = (si - Sf 2 )/ 8 fg 2 = (7.9487 - 0.6492)/7.501 = 0.9731 
^ h 2 ^s = hf 2 + xxhfg 2 = 191.8 + 0.9731x2392.8 = 2520.35 kJ/kg 
Wt^s = hi “ i^2,s ^ 1397.05 kJ/kg 


Explanation for the 
reversible work term is 
in sect. 9.3 
Eq.9.18 


Ap 



V 



wt,ac ^ ^ Wj g = 1229.9 kJ/kg 


= hi - h2,Ac ^ h2^AC = hi - wx,AC = 2687.5 kJ/kg 

^ T2^ac = 100°C , S2,AC = 8-4479 kJ/kg-K 
St gen = S2,AC ' Si = 0.4992 kJ/kg K 
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9.107 

Air enters an insulated turbine at 50°C, and exits the turbine at - 30°C, 100 kPa. 
The isentropic turbine efficiency is 70% and the inlet volumetric flow rate is 20 
L/s. What is the turbine inlet pressure and the turbine power output? 

Solution; 

C.V.: Turbine, Pg = 0.7, Insulated 

Air table A.5: Cp = 1.004 kJ/kg K, R = 0.287 kJ/kg K, k = 1.4 
Inlet: T^ = 50°C, Vj = 20 L/s = 0.02 m^/s ; 

m = PV/RT = 100 X 0.02/(0.287 x 323.15) = 0.099 kg/s 
Exit (actual): Tg = -30°C, Pg = 100 kPa 

1^*- Law Steady state Eq.6.13: qj + hj = hg + wj, qj = 0 

Assume Constant Specific Heat 

wj = hj - hg = Cp(Tj - Tg) = 80.3 kJ/kg 

wjs = w/p = 114.7 kJ/kg, wjs = Cp(Ti - Tg^) 

Solve for Tg^ = 208.9 K 

k 

Isentropic Process Eq.8.32: Pg = Pj (Tg / Tj)k-l => Pj = 461 kPa 


Wj = riiwj = 0.099 X 80.3 = 7.98 kW 
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9.108 


Carbon dioxide, CO 2 , enters an adiabatie compressor at 100 kPa, 300 K, and exits 

at 1000 kPa, 520 K. Find the compressor efficiency and the entropy generation for 
the process. 

Solution; 

C.V. Ideal compressor. We will assume constant heat capacity. 

Energy Eq.6.13: = h^ - h 2 , 





Entropy Eq.9.8, 8.32: 82 = 8 ^ ; T 2 S = ^ 


= 502.7 K 


= Cp(Ti - T2 s) = 0.842(300-502.7) = -170.67 kJ/kg 
C.V. Actual compre88or 

= Cp(Ti - T2ac) = 0.842(300 - 520) = -185.2 kJ/kg 
Ec ^ = -170.67/(-185.2) = 0,92 

U8e Eq.8.25 for the change in entropy 

Sgen = S2ac ' §1 = Cp In (T 2 ac/Tl) - R In (P 2 /P 1 ) 

= 0.842 ln(520 / 300) - 0.1889 ln(1000 / 100) = 0.028 kJ/kg K 



V 


s 


Constant heat capacity is not the best approximation. It would be more 
accurate to use Table A. 8 . 
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9.109 

Air enters an insulated eompressor at ambient eonditions, 100 kPa, 20°C, at the 
rate of 0.1 kg/s and exits at 200°C. The isentropic effieiency of the eompressor is 
70%. What is the exit pressure? How mueh power is required to drive the 
eompressor? Assume the ideal and aetual eompressor has the same exit pressure. 

Solution; 

C.V. Compressor; P^, T^, Tg(real), r\^ comp known, assume eonstant Cpg 
Energy Eq.6.13 for real; -w = Cpo(Tg - Tj) = 1.004(200 - 20) = 180.72 
Ideal -Wg = -w X = 180.72 x 0.70 = 126.5 
Energy Eq.6.13 for ideal; 

126.5 =Cpo(Tgg-Ti)= 1.004(Tgg-293.2), Tgg = 419.2 K 
Constant entropy for ideal as in Eq.8.32; 

k 

Pg = Pi(Tgg/Ti)k-i = 100(419.2/293.20)^-^ = 349 kPa 
-Wreal = m(-w) = 0.1 X 180.72 = 18.07 kW 
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9.110 

Assume an actual compressor has the same exit pressure and specific heat transfer 
as the ideal isothermal compressor in Problem 9.8 with an isothermal efficiency 
of 80%. Find the specific work and exit temperature for the actual compressor. 

Solution; 

C.V. Compressor. Steady, single inlet and single exit flows. 

Energy Eq.6.13; hi + q = w + hg; 

Entropy Eq.9.8; S; + q/T = Sg 

Inlet state; Table B.5.2, hj = 403.4 kJ/kg, sj = 1.8281 kJ/kg K 

Exit state; Table B.5.1, hg = 398.36 kJ/kg, Sg = 1.7262 kJ/kg K 

q = T(Sg - Si) = 273.15(1.7262 - 1.8281) = - 27.83 kJ/kg 

w = 403.4 + (-27.83) - 398.36 = -22.8 kJ/kg 
Erom Eq.9.29 for a cooled compressor 

Wjjc = Wj /t] = - 22.8/0.8 = 28,5 kJ/kg 

Now the energy equation gives 

hg= hi + q - Wac = 403.4 + (-27.83) + 28.5= 404.07 
Tg ac « 6°C 

Explanation for the 

reversible work term is 
in Sect. 9.3 

Eqs. 9.16 and 9.18 


Pg = 294 kPa 
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9.111 

A water-cooled air compressor takes air in at 20°C, 90 kPa and compresses it to 
500 kPa. The isothermal efficiency is 80% and the actual compressor has the 
same heat transfer as the ideal one. Find the specific compressor work and the exit 
temperature. 

Solution; 

Ideal isothermal compressor exit 500 kPa, 20°C 
Reversible process: dq = T ds => q = T(Se - sj) 

q = T(Se - Si) = T[s?, - s?i - R ln(Pe / Pj)] 

= - RT In (Pg / Pi) = - 0.287 x 293.15 In (500/90) = - 144.3 kJ/kg 
As same temperature for the ideal compressor hg = hi ^ 

w = q =-144.3 kJ/kg => w^c = w/r] =-180,3 kJ/kg, qac ^ 9 
Now for the actual compressor energy equation becomes 
9ac ac ^ac ^ 

he ac - hi = qac ' Wac = - 144.3 - (-180.3) = 36 kJ/kg « Cp (Tg - Ti) 

Te ac = Ti + 36/1.004 = 55.9°C 
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9.112 

A nozzle in a high pressure liquid water sprayer has an area of 0.5 em . It reeeives 
water at 250 kPa, 20°C and the exit pressure is 100 kPa. Negleet the inlet kinetie 
energy and assume a nozzle isentropie effieieney of 85%. Find the ideal nozzle 
exit veloeity and the aetual nozzle mass flow rate. 

Solution: 

C.V. Nozzle. Liquid water is ineompressible v « eonstant, no work, no heat 
transfer => Bernoulli Eq.9.17 

- 0 = v(Pi - Pg) = 0.001002 ( 250 - 100) = 0.1503 kJ/kg 

Vgx = y/2 X 0.1503 X 1000 J/kg = 17,34 m s 
This was the ideal nozzle now we ean do the actual nozzle, Eq. 9.30 

ac = ■n ivJx = 0.85 X 0.1503 = 0.12776 kJ/kg 
Vex ac = k/2 X 0.12776 x 1000 J/kg = 15.99 m s 


m= pAVgx ac ^ ac^'^ ^ 0.5 x 10"^ x 15.99 / 0.001002 = 0,798 kg/s 
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9.113 

A nozzle is required to produce a flow of air at 200 m/s at 20°C, 100 kPa. It is 
estimated that the nozzle has an isentropic efficiency of 92%. What nozzle inlet 
pressure and temperature is required assuming the inlet kinetic energy is 
negligible? 

Solution; 


C.V. Air nozzle: Pg, Tg(real), Vg(real), rig(real) 

2 

For the real process: hj = hg + Vg/2 or 

Ti = Tg + Vg/2Cpo = 293.2 + 200^/2 x 1000 x 1.004 = 313.1 K 
For the ideal process, from Eq.9.30; 

\Ij2 = Vg/2ri5 = 200^/2 x 1000 x 0.92 = 21.74 kJ/kg 
and hj = h^^ + {yIjI) 


Tes = Ti - Vgs/(2Cpo) = 313.1 - 21.74/1.004 = 291.4 K 


The constant s relation in Eq.8.32 gives 


r313.1 




Pi = Pe (T/Tg/-! = 100 


V 


291.4 


3.50 


= 128.6 kPa 


J 
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9.114 

Redo Problem 9.79 if the water pump has an isentropie effieieney of 85% (hose, 
nozzle ineluded). 

Solution; 

C.V.: pump + hose + water eolumn, height differenee 35 m. V is veloeity. 
Continuity Eq.6.11: mi„ = 

Energy Eq.6.12: rn(-Wp) + m(h + V^/2 + gz);^ = m(h + V^/2 + gz)^^ 


Proeess: hj^ = h^^ , ^ = 0 , 

Zgx - zjjj = 35 m , p = 1/v = 1/vf 35 m 

-Wp = g(Zgx - Zin) = 9.80665(35 - 0) = 343.2 J/kg 



The veloeity in nozzle is sueh that it ean rise 10 m, so make that eolumn C.V. 



= Q7 0 

noz 2 o-^ex ^ 


"^noz = •\/2g(Zgx - Znoz) = ^2 X 9.81 X 10 = 14 m/s 
m = (7r/vf) (0^/4) = (7r/4) 0.025^ x 14 / 0.001 = 6.873 kg/s ; 

-Wp = m(-Wp)/p = 6.872 x 0.343/0.85 = 2.77 kW 
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9.115 

Find the isentropic efficiency of the nozzle in example 6.4. 

Solution; 

C.V. adiabatic nozzle with known inlet state and velocity. 

Inlet state: B.1.3 hj = 2850.1 kJ/kg; sj = 6.9665 kJ/kg K 

Process ideal: adiabatic and reversible Eq.9.8 gives constant s 

ideal exit, (150 kPa, s); x^^ = (6.9665 - 1.4335)75.7897 = 0.9557 

^es = hf + Xgg hfg = 2594.9 kJ/kg 

\Ij2 = hi - hes + vf/2 = 2850.1 - 2594.9 + (502)72000 = 256.45 kJ7kg 
Ves = 716.2 m7s 
From Eq.9.30, 

hnoz.= (Ve72)7( yIjI) = 1807256.45 = 0.70 
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9.116 

Air flows into an insulated nozzle at 1 MPa, 1200 K with 15 m/s and mass flow 
rate of 2 kg/s. It expands to 650 kPa and exit temperature is 1100 K. Find the exit 
veloeity, and the nozzle efficiency. 

Solution: 

C.V. Nozzle. Steady 1 inlet and 1 exit flows, no heat transfer, no work. 
Energy Eq.6.13: hj + (1/2)vf = h^ + (1/2)vj 


Entropy Eq.9.8: Sj + Sgg^ = Sg 

Ideal nozzle Sggj^ = 0 and assume same exit pressure as actual nozzle. Instead 

of using the standard entropy from Table A.7 and Eq.8.28 let us use a constant 
heat capacity at the average T and Eq.8.32. Eirst from A.7.1 


C 


p 1150 


1277.81 - 1161.18 
1200 - 1100 


= 1.166 kJ/kg K; 


Cv = Cp ii5o-R = 1.166-0.287 = 0.8793, k = Cp 1150/Cv = 1.326 


Notice how they differ from Table A.5 values. 


k-1 


Tg , = Ti (Pg/Pi) k =1200 


/ 


V 


650 

1000 


0.24585 


= 1079.4 K 


y 


= + C(Ti - Tgs) = I Xl5^ + 1.166(1200- 1079.4) x 1000 


= 112.5 + 140619.6 = 140732 J/kg 


Vg s = 530.5 m/s 


Actual nozzle with given exit temperature 

2^Lc = 2^f + ^i-^eac= 112.5 + 1.166(1200- 1100) X 1000 

= 116712.5 J/kg 

^ Vg ac ^ m/s 

12 12 12 12 
^ noz= (2^e ac ■ 2^i (2^e s " 2^i ) ^ 

= (hj - hg Acy(hi - he, s) ” 140619 6”^’^^^ 
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Review Problems 


9.117 


A coflowing heat exchanger has one line with 2 kg/s saturated water vapor at 100 
kPa entering. The other line is 1 kg/s air at 200 kPa, 1200 K. The heat exchanger 
is very long so the two flows exit at the same temperature. Find the exit 
temperature by trial and error. Calculate the rate of entropy generation. 

Solution: 


C.V. Heat exehanger, 
steady 2 flows in and 
two flows out. 

No W, no external Q 



Flows: rh^ = m 2 = mH 20 i m 3 = 1114 = liiair 
Energy: rhH 20 (h 2 - hi) = rhair (h 3 - 114 ) 

State 1: Table B.1.2 hj = 2675.5 kJ/kg 


State 3: Table A.7 


h 3 = 1277.8 kJ/kg, 


State 2: 100 kPa, T 2 
State 4: 200 kPa, T 2 


Only one unknown T 2 and one equation the energy equation: 

2( h2-2675.5)= 1(1277.8 -h 4 ) => 2h2 + h 4 = 6628.8 kW 

At 500 K: h 2 = 2902.0, h 4 = 503.36 => LHS = 6307 too small 
At 700 K: h 2 = 3334.8, h 4 = 713.56 => LHS = 7383 too large 
Linear interpolation T 2 = 560 K, h 2 = 3048.3, h 4 = 565.47 => LHS = 6662 
Final states are with T 2 = 554,4 K = 281 °C 

H20: Table B. 1.3, h 2 = 3036.8 kJ/kg, S 2 = 8.1473, si = 7.3593 kJ/kg K 


AIR: Table A.7, 


h 4 = 559.65 kJ/kg, st 4 = 7.4936, st 3 = 8.3460 kJ/kg K 


The entropy balance equation, Eq.9.7, is solved for the generation term: 


Sgen = mH20 (§2 ' N) + ^air (S 4 - S3) 

= 2(8.1473 - 7.3593) +1 (7.4936 - 8.3460) = 0.724 kW/K 
No pressure correction is needed as the air pressure for 4 and 3 is the same. 
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9.118 

A vortex tube has an air inlet flow at 20°C, 200 kPa and two exit flows of 100 
kPa, one at 0°C and the other at 40°C. The tube has no external heat transfer and 
no work and all the flows are steady and have negligible kinetie energy. Find the 
fraetion of the inlet flow that comes out at 0°C. Is this setup possible? 

Solution: 

C.V. The vortex tube. Steady, single inlet and two exit flows. No q or w. 

Continuity Eq.: rii^ = m 2 + m 3 ; Energy: m^h^ = m 2 h 2 + m 3 h 3 

• • • • 

Entropy: m^s^ + Sggn = ni 2 S 2 + m 3 S 3 

States all given by temperature and pressure. Use constant heat capacity to 
evaluate changes in h and s. Solve for x = m 2 /m^ from the energy equation 

m 3 /mj = 1 - x; h^ = x h 2 + ( 1 -x) h 3 

=> X = (hi - h 3 )/(h 2 - h 3 ) = (Ti - T 3 )/(T 2 - T 3 ) = (20-40)/(0-40) = 0.5 
Evaluate the entropy generation 

Sggn/iiii = X S 2 + (l-x)s 3 - Si = 0.5 (s2 - Si ) + 0.5(S3 - Si ) 

= 0.5 [Cp ln(T 2 / Ti) - R ln(P 2 / Pi)] + 0.5[Cp ln(T 3 / Ti) - R ln(P 3 / P^] 

07a 1 ^ inn 

= 0.5 [ 1 .004 ln( ) - 0.287 ln( ^ )] 

+ 0.5 [ 1.004 ln( ^ 293^15 ) " 0-287 ln( ^ )] 

= 0,1966 kJ/kg K > 0 So this is possible. 
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9.119 

An initially empty spring-loaded piston/eylinder requires 100 kPa to float the 
piston. A compressor with a line and valve now charges the cylinder with water to 

a final pressure of 1.4 MPa at which point the volume is 0.6 m , state 2. The inlet 
condition to the reversible adiabatic compressor is saturated vapor at 100 kPa. 
After charging the valve is closed and the water eventually cools to room 
temperature, 20°C, state 3. Find the final mass of water, the piston work from 1 to 
2, the required compressor work, and the final pressure, P 3 . 

Solution: 


Process 1^2: transient, adiabatic, 
for C.V. compressor + cylinder 
Assume process is reversible 

Energy: m 2 U 2 - 0 = (mi„hi„) - W^. - 1 W 2 

Entropy Eq.: ni 2 S 2 - 0 = nijjjSijj + 0 ^ §2 = 

Inlet state: Table B.1.2, hj^j = 2675.5 kJ/kg, Sj^ = 7.3594 kJ/kg K 

1 W 2 = /PdV = I (Pfl„,t+ P 2 )(V 2 - 0) = ^ (100+1400)0.6 = 450 kJ 

State 2: P 2 , S 2 = Sjjj Table B. 1.3 ^ V 2 = 0.2243, U 2 = 2984.4 kJ/kg 
m 2 = V 2 /V 2 = 0.6/0.2243 = 2,675 kg 

= mi„hi„ - m 2 U 2 - 1 W 2 = 2.675 x (2675.5 - 2984.4) - 450 = -1276.3 kJ 


in 




-W 


C 



A/WV| 


Continuity: m 2 - 0 = mj^j, 



State 3 must be on line & 20°C 

Assume 2-phase ^ P 3 = P^^(( 20 °C) = 2.339 kPa 

less than P^q^j so compressed liquid 


Table B.1.1: V 3 = Vf(20°C) = 0.001002 ^ V 3 = m 3 V 3 = 0.00268 m^ 
On line: P 3 = 100 + (1400 - 100) x 0.00268/0.6 = 105.8 kPa 
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9.120 

In a heat-powered refrigerator, a turbine is used to drive the compressor using the 
same working fluid. Consider the combination shown in Fig. P9.120 where the 
turbine produces just enough power to drive the compressor and the two exit 
flows are mixed together. List any assumptions made and find the ratio of mass 

flow rates 1113 / 111 ^ and T 5 (X 5 if in two-phase region) if the turbine and the 
compressor are reversible and adiabatic 
Solution; 

CV: compressor 

S 2 S = Si = 0.7082 kJ/kg K ^ T 2 S = 52.6°C 
wsc = hi - h 2 s = 178.61 - 212.164 = -33.554 kJ/kg 
CV: turbine 


S 4 S = S 3 = 0.6444 = 0.2767 + X 4 § X 0.4049 => X 4 § = 0.9081 

h 4 s = 76.155 + 0.9081 x 127.427 = 191.875 kJ/kg 
WsT = h 3 - h 4 s = 209.843 - 191.875 = 17.968 kJ/kg 


As WxuRB “ 'WcoMP ’ hi 3 /mi - - 


Wsc 33.554 
Wsx 17.968 


= 1.867 


CV: mixing portion 


mih2s + m3h4s = (ihi + m3)h5 

1 X 212.164 + 1.867 x 191.875 = 2.867 hg 



= 198.980 = 76.155 + Xg x 127.427 



X 5 = 0.9639 
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9.121 

A stream of ammonia enters a steady flow device at 100 kPa, 50°C, at the rate of 
1 kg/s. Two streams exit the device at equal mass flow rates; one is at 200 kPa, 
50°C, and the other as saturated liquid at 10°C. It is claimed that the device 
operates in a room at 25°C on an electrical power input of 250 kW. Is this 
possible? 

Solution; 


Control volume; Steady device out 
to ambient 25°C. 





Steady 

device 


Wei 


TT 


3 


Energy Eq.6.10; mihi + Q + Wgi = m 2 h 2 + m 3 h 3 

Entropy Eq.9.7; rtijS! + Q/Troom + Sgen = ^282 + 111383 

State 1; Table B.2.2, hj = 1581.2 kJ/kg, s^ = 6.4943 kJ/kg K 
State 2; Table B.2.2 h 2 = 1576.6 kJ/kg, S 2 = 6.1453 kJ/kg K 
State 3; Table B.2.1 h 3 = 226.97 kJ/kg, S 3 = 0.8779 kJ/kg K 
Erom the energy equation 

Q = 0.5 X 1576.6 + 0.5 x 226.97 - 1 x 1581.2 - 250 = -929.4 kW 

Erom the entropy equation 

Sgen = 0.5x6.1453 + 0.5 x 0.8779 - 1 x 6.4943 - (-929.4)/298.15 

= 0.1345 kW/K>0 

since Sgen > 0 this is possible 
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9.122 

A frictionless piston/cyUnder is loaded with a linear spring, spring eonstant 100 
kN/m and the piston eross-seetional area is 0.1 m^. The eylinder initial volume of 
20 L eontains air at 200 kPa and ambient temperature, 10°C. The eylinder has a 
set of stops that prevent its volume from exeeeding 50 L. A valve eonneets to a 
line flowing air at 800 kPa, 50°C. The valve is now opened, allowing air to flow 
in until the eylinder pressure reaehes 800 kPa, at whieh point the temperature 

inside the eylinder is 80°C. The valve is then elosed and the proeess ends. 

a) Is the piston at the stops at the final state? 

b) Taking the inside of the eylinder as a eontrol volume, ealeulate the heat 
transfer during the proeess. 

e) Caleulate the net entropy ehange for this proeess. 



800 

500 

200 



To = 10T = 283.15 K 



= 50L 


Air from Table A.5: R = 0.287, Cp = 1.004, Cy = 0.717 kJ/kg-K 

State 1: Tj = 10°C, Pj = 200 kPa, Vj = 20 L = 0.02 m^, 
mi = PiVi/RTi = 200x0.02/(0.287x283.15) = 0.0492 kg 
State 2; T 2 = 80°C, P 2 = 800 kPa, Inlet: T^ = 50°C, P^ = 800 kPa 


^stop 


k, 


=Pi + 


~ (Vgiop - Vi) = 500 kPa, P 2 > Pstop Piston hits stops 


A 


P 


V2 = Vgtop = 50 L, m2 = PV/RT = 0.3946 kg 

b) 1 ^*- Law: 1Q2 + m^hj = m2U2 - rniUi + m^hg + 1W2; m^ = 0 , mj = m2 - mi 

1 W 2 = I p dV = (P, + PstopXVstop - V,)/2 = 10.5 kj 

Assume eonstant speeifie heat 

1 Q 2 = - iniCyTi - (m 2 - mi) CpTi + 1 W 2 = -11.6 kJ 

nH 

c) 2 ^^^ Law: = m2S2 - niiSi - m[S[ - — 

^0 


ASnet = m2(s2 - sj) - mi(si - Si) - 



S2 - Si = Cp ln(T2 / Ti) - R ln(P2 / Pi) = 0.08907 kJ/kg-K (P 2 = P^ 
SI - Si = Cp ln(Ti / Ti) - R ln(Pi / P; )= 0.26529 kJ/kg-K 

ASnet = 0.063 kJ/K 
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9.123 


An insulated piston/cyUnder eontains R-22 at 20°C, 85% quality, at a eylinder 
volume of 50 L. A valve at the elosed end of the eylinder is conneeted to a line 
flowing R-22 at 2 MPa, 60°C. The valve is now opened, allowing R-22 to flow in, 
and at the same time the external foree on the piston is deereased, and the piston 

moves. When the valve is closed, the cylinder contents are at 800 kPa, 20°C, and 
a positive work of 50 kJ has been done against the external force. What is the 
final volume of the cylinder? Does this process violate the second law of 
thermodynamics? 

Solution: 

C.V. Cylinder volume. A transient problem. 

Continuity Eq.: m 2 - m^ = mj 


Energy Eq.: 
Entropy Eq.: 
Process: 


m 2 U 2 - miui = 1Q2 + mih; - 1W2 
m2S2 - misi = 1Q2/T + mjSi + 1S2 gen 

iQ 2 = 0, iW2 = 50kJ 


State 1: Ti = 20°C, xj = 0.85, Vj = 50 E = 0.05 m^ 


Pi = Pg = 909.9 kPa, u^ = uf + x^ufg = 208.1 kJ/kg 

vi = Vf + x^vfg = 0.000824 + 0.85x0.02518 = 0.022226 m^/kg. 

Si = Sf + x^Sfg = 0.259 + 0.85x0.6407 = 0.8036 kJ/kg K 
mj = Vi/vj = 2.25 kg 

State 2: T 2 = 20°C, P 2 = 800 kPa, superheated, V 2 = 0.03037 m^/kg, 

U2 = 234.44 kJ/kg, S 2 = 0.9179 kJ/kg K 


Inlet: Tj = 60°C, Pj = 2 MPa, hj = 271.56 kJ/kg, sj = 0.8873 kJ/kg K 
Solve for the mass m 2 from the energy equation (the only unknown) 


m 2 = [miui - 1 W 2 - mihj / [U 2 - hj 


2.25 X 208.1 - 50 - 2.25 x 271.56 

234.44-271.56 


= 5.194 kg 


V 2 = m2V2 = 0,158 

Now check the second law 

1S2 gen = m2S2 - miSi - 1Q2/T - miSj 

= 5.194 xO.9179 - 2.25 x 0.8036 - 0 - (5.194 - 2.25) 0.8873 

= 0,347 kJ/K > 0, Satisfies 2**^ Law 
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9.124 

Air enters an insulated turbine at 50°C, and exits the turbine at - 30°C, 100 kPa. 
The isentropic turbine effieiency is 70% and the inlet volumetric flow rate is 20 
L/s. What is the turbine inlet pressure and the turbine power output? 

C.V.; Turbine, Pg = 0.7, Insulated 

Air: Cp = 1.004 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4 

Inlet: T^ = 50°C, Vj = 20 L/s = 0.02 m^/s 
Exit: Tg = -30°C, Pg = 100 kPa 

a) 1 Law steady flow: q + hj = hg + wj; q = 0 

Assume Constant Specific Heat 

wp = hj - hg = Cp(Tj - Tg) = 80.3 kJ/kg 

wts = w/p = 114.7 kJ/kg, wjs = Cp(Ti - Tg^) 

Solve for Tg^ = 208.9 K 

k 

Isentropic Process: P = P. (T / T.)k-l => P. = 461 kPa 

^ e 1 ^ e r i 

b) Wt = mwx; m = PV/RT = 0.099 kg/s => Wx = 7.98 kW 
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9.125 

A certain industrial process requires a steady 0.5 kg/s supply of compressed air at 
500 kPa, at a maximum temperature of 30°C. This air is to be supplied by 
installing a compressor and aftercooler, see Fig. P9.46. Loeal ambient eonditions 
are 100 kPa, 20°C. Using an isentropic eompressor efficieney of 80%, determine 
the power required to drive the compressor and the rate of heat rejection in the 
aftereooler. 

Air: R = 0.287 kJ/kg-K, Cp = 1.004 kJ/kg-K, k = 1.4 

State 1: Ti = Tq = 20°C, Pi = Pq = 100 kPa, m = 0.5 kg/s 

= P 3 = 500 kPa 

= 30°C, P 3 = 500 kPa 

Assume Pg = 80 % (Any value between 70%-90% is OK) 

Compressor: Assume Isentropic 

k-l 

T 2 ^ = (P 2 /P 1 ) k , T 2 ^ = 464.6 K 

U*- Law: q^ + hi = h 2 + w^; q^ = 0, assume constant specific heat 
Wes = Cp(Ti-T 2 ^) =-172.0 kJ/kg 

ps = w^g/w^, w^ = w^g/ps =-215, W(2 = mw (2 = -107,5 kW 
Wc = Cp(Ti - T 2 ), solve for T 2 = 507.5 K 
Aftercooler: 

1^1 Law: q + h 2 = h 3 +w; w = 0, assume constant specific heat 

q = Cp(T 3 - T 2 ) = 205 kJ/kg, Q = ihq = -102,5 kW 


State 2: P 2 
State 3: Ta 
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Consider the seheme shown in Fig. P9.126 for produeing fresh water from salt 
water. The eonditions are as shown in the figure. Assume that the properties of 
salt water are the same as for pure water, and that the pump is reversible and 
adiabatie. 

a. Determine the ratio (myriij), the fraetion of salt water purified. 

b. Determine the input quantities, Wp and qjj. 

e. Make a seeond law analysis of the overall system. 

C.V. Flash evaporator; Steady flow, no external q, no work. 

Energy Eq.: mjh 4 = (ihj - m- 7 )h 5 + m^hg 

Table B.1.1 or 632.4 = (1 - (liiy/mi)) 417.46 + (liiy/mi) 2675.5 
^ ihy/mi = 0,0952 

C.V. Pump steady flow, ineompressible liq.; 

Wp = -/vdP « -Vi(P2 - Pi) = - 0.001001(700 - 100) = -0.6 kJ/kg 

h2 = hi - Wp = 62.99 + 0.6 = 63.6 kJ/kg 


C.V. Heat exchanger: h 2 + (m 7 /mi)hg = h 3 + (m 7 /mi)h 7 

63.6 + 0.0952 x 2675.5 =h^ + 0.0952 x 146.68 => = 304.3 kJ/kg 

C.V. Heater: q^ = h 4 - hj = 632.4 - 304.3 = 328,1 kJ/kg 
CV; entire unit, entropy equation per unit mass flow rate at state 1 

Sc.V„gen = - Oh/Th + (l ' (m7/mi))s5 +(m 7 /mi)S 7 - Si 

= (-328.1/473.15) + 0.9048 x 1.3026 + 0.0952 x 0.5053 - 0.2245 
= 0.3088 kJ/K kg mi 
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Supercharging of an engine is used to increase the inlet air density so that more 
fuel can be added, the result of which is an increased power output. Assume that 
ambient air, 100 kPa and 27°C, enters the supercharger at a rate of 250 L/s. The 
supercharger (compressor) has an isentropic efficiency of 75%, and uses 20 kW 
of power input. Assume that the ideal and actual compressor have the same exit 
pressure. Find the ideal specific work and verily that the exit pressure is 175 kPa. 
Find the percent increase in air density entering the engine due to the 
supercharger and the entropy generation. 



C.V.: Air in compressor (steady flow) 

• • • • 

Cont: mjjj = mg^ = m = V/vj^ = 0.29 kg/s 

• • • • 

Energy: mhjjj - W = mhg^ Assume: Q = 0 




• • • 

Entropy: msj^ + Sggjj = mSg^ 

= 0.8614 m^/kg, s^j = 6.86975 kJ/kg K, hj^j = 300.62 kJ/kg 
Wc s/Wc ac => -^S = -^AC X Pg = 15 kW 


Table A. 7: 


■Wc s ^ -Wg/m = 51.724 kJ/kg, -w^ ^ 68.966 kJ/kg 

hex s ^ hjjj - w^ g = 300.62 + 51.724 = 352.3 kJ/kg 


o 


Tgx g = 351.5 K, s^g = 7.02830 kJ/kg K 


/.o _ ,7.0283 -6.86975 , 

Pex = Pin X T ex ‘ = 100 X exp [ ] 


= 173.75 kPa 

The actual exit state is 

hex ac ~ hjn - W(^ ^g — 369.6 kJ/kg => Tgj^ ^g — 368.6 K 

Vex = RTgx/Pgx = 0.6088 m^/kg, s^gx ac = 7.0764 

Pex/pin ^ ’^in/’^ex ^ 0.8614/0.6088 = 1.415 Or 41.5% increase 


Sggn = Sgx - Sjjj = 7.0764 - 6.86975 - 0.287 ln( 


173.75 


) = 0.0481 kJ/kg K 


100 
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9.128 

A jet-ejector pump, shown schematically in Fig. P9.128, is a device in which a 
low-pressure (secondary) fluid is compressed by entrainment in a high-velocity 
(primary) fluid stream. The compression results from the deceleration in a 
diffuser. For purposes of analysis this can be considered as equivalent to the 
turbine-compressor unit shown in Fig. P9.120 with the states 1, 3, and 5 
corresponding to those in Fig. P9.128. Consider a steam jet-pump with state 1 as 
saturated vapor at 35 kPa; state 3 is 300 kPa, 150°C; and the discharge pressure, 
P 5 , is 100 kPa. 

a. Calculate the ideal mass flow ratio, 011 / 1113 . 

b. The efficiency of a jet pump is defined as p = (mi/iiisjactuai ! (’^i/’^ 3 )ideai 

for the same inlet conditions and discharge pressure. Determine the discharge 
temperature of the jet pump if its efficiency is 10 %. 

a) ideal processes (isen. comp. & exp.) 

expands 3-4sl , 

. o ( then mix at const. P 
comp 1 -2s J 

S 4 s = S 3 = 7.0778 = 1.3026 + X 4 g X 6.0568 => X 4 g = 0.9535 

h 4 g = 417.46 + 0.9535 x 2258.0 = 2570.5 kJ/kg 

S 2 s = Si = 7.7193 ^ T 2 s = 174°C & h 2 s = 2823.8 kJ/kg 

mi(h 2 s - hi) = m 3 (h 3 - 

. , 2761.0 -2570.5 

^ (mi/m3)ij)g^L ~ 2823.8 - 2631.1 ~ 0'9886 

b) real processes with jet pump eff. = 0.10 

^ (hii/m 3 )^CTUAL = 0.10 X 0.9886 = 0.09886 

1 st law ihihi + m 3 h 3 = (ihi + m 3 )h 5 
0.09886 X 2631.1 + 1 X 2761.0 = 1.09896 hg 

State 5 :h 5 = 2749.3kJ/kg,P5 = lOOkPa => T 5 = 136.5 "C 
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9.129 

A rigid steel bottle, V = 0.25 m^, eontains air at 100 kPa, 300 K. The bottle is 
now eharged with air from a line at 260 K, 6 MPa to a bottle pressure of 5 MPa, 
state 2, and the valve is closed. Assume that the process is adiabatic, and the 
charge always is uniform. In storage, the bottle slowly returns to room 
temperature at 300 K, state 3. Find the final mass, the temperature T 2 , the final 

pressure P 3 , the heat transfer 1 Q 3 and the total entropy generation. 

C.V. Bottle. Flow in, no work, no heat transfer. 

Continuity Eq.6.15: m 2 - m^ = mj^j; 

Energy Eq.6.16; ni 2 U 2 - m^ui = mjjjhjjj 

State 1 and inlet: Table A.7, u^ = 214.36 kJ/kg, hj^ = 260.32 kJ/kg 

mi = PiV/RTi = (100 X 0.25)/(0.287 x 300) = 0.290 kg 
m 2 = P 

Substitute into energy equation 

U 2 + 0.00306 T 2 = 260.32 
Now trial and error on T 2 

T 2 = 360 => EHS = 258.63 (low); T 2 = 370 => EHS = 265.88 (high) 

Interpolation T 2 = 362.3 K (EHS = 260.3 OK) 

m 2 = 4355.4/362.3 = 12.022 kg ; P 3 = m 2 RT 3 /V = 4140 kPa 

Now use the energy equation from the beginning to the final state 

1 Q 3 = m 2 U 3 - miui - mi^h^jj = (12.022 - 0.29) 214.36 - 11.732 x 260.32 


2 V/RT 2 = 5000 X 0.25/(0.287 x T 2 ) = 4355. 4 /T 2 


= -539.2 kJ 

Entropy equation from state 1 to state 3 with change in s from Eq.8.28 
Sgen = ^283 - miSi - mi„Si„ - 1 Q 3 /T = m 2 (s 3 -s J - mi(si - s J - 1 Q 3 /T 

= 12.022[6.8693 - 6.7256 - R ln(4140/6000)] 

- 0.29[6.8693 - 6.7256 - R ln(100/6000)] + 539.2/300 = 4.423 kJ/K 



V 


At 


6 MPa 


300-- 

260" 



line 


5 MPa 


100 kPa 


1 


v = C 



Problem could have been solved with constant specific heats from A. 5 in 
which case we would get the energy explicit in T 2 (no iterations). 
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9.130 

A horizontal, insulated cylinder has a frictionless piston held against stops by an 
external force of 500 kN. The piston cross-sectional area is 0.5 m^, and the initial 

volume is 0.25 m . Argon gas in the cylinder is at 200 kPa, 100°C. A valve is 
now opened to a line flowing argon at 1.2 MPa, 200°C, and gas flows in until the 
cylinder pressure just balances the external force, at which point the valve is 
closed. Use constant heat capacity to verify that the final temperature is 645 K 
and find the total entropy generation. 

Solution; 

The process has inlet flow, no work (volume constant) and no heat transfer. 
Continuity Eq.6.15; m 2 - m^ = m; 

Energy Eq.6.16; m 2 U 2 - m^ui = mj hj 

mi= PiVi/RTi = 200 x0.25/(0.2081 x373.15) = 0.644 kg 

Eorce balance; P 2 A = E ^ P 2 = = 1000 kPa 


Eor argon use constant heat capacities so the energy equation is; 

m 2 CvoT2-mi CvoTi =(m2 -mi)CpoT,n 

We know P 2 so only 1 unknown for state 2. 

Use ideal gas law to write m 2 T 2 = P 2 Vi/R and rn^ T^ =PiVi/R 

and divide the energy equation with Cyo to solve for the change in mass 

(P2V1 -PiVi)/R =(m 2 - mi ) (Cpo/Cvo ) T 
(m 2 -mi) = (P2-Pi)Vi/(RkT,„) 


= (1000 - 200)x0.25/(0.2081xl.667x473.15) = 1.219 kg 
m 2 = 1.219 + 0.644= 1.863 kg. 

T 2 = P 2 Vi/(m 2 R) = 1000x0.25/(1.863x0.2081) = 645 K OK 

Entropy Eq.9.12; ni 2 S 2 - miSi = m^Sj + 0 + 1 S 2 gen 

1 S 2 gen = mi(S2 - Si) + (m 2 - mi)(S2 - Sj) 



= 0.644[ 0.52 In 


645 

373.15 


-0.2081 In 


1000 
200 ] 


+ 


645 


1.219[ 0.52 -0.2081 In 


1000 

1200-1 


= - 0.03242 + 0.24265 = 0.21 kJ/K 
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9.131 

A rigid 1.0 tank contains water initially at 120°C, with 50 % liquid and 50% 
vapor, by volume. A pressure-relief valve on the top of the tank is set to 1.0 MPa 
(the tank pressure eannot exeeed 1.0 MPa - water will be diseharged instead). 
Heat is now transferred to the tank from a 200°C heat source until the tank 
eontains saturated vapor at 1.0 MPa. Caleulate the heat transfer to the tank and 
show that this proeess does not violate the seeond law. 

Solution; 

C.V. Tank and walls out to the souree. Negleet storage in walls. There is flow 
out and no boundary or shaft work. 

Continuity Eq.6.15: m 2 - m^ = “ iHe 

Energy Eq.6.16: m 2 U 2 - m^u^ = - mghg + 1 Q 2 
Entropy Eq.9.12: m 2 S 2 - m^s^ = - mgSg + j dQ/T + ^82 ggn 
State 1; Tj = 120°C, Table B. 1.1 

Vf = 0.00106 m^/kg, mjjq = 0.5Vi/vf = 47E7 kg 

Vg = 0.8919 m^/kg, mg = 0.5Vj/Vg = 0.56 kg, 

mi= 472.26 kg, = mg/m^ = 0.001186 

VLi = Uf+ xjUfg = 503.5 + 0.001186x2025.8 = 505.88 kJ/kg, 

Si =Sf+xiSfg= E5275 + 0.001186x5.602 = 1.5341 kJ/kg-K 

State 2: P 2 = 1.0 MPa, sat. vap. X 2 = 1.0, V 2 = Im^ 


V 2 = Vg = 0.19444 m^/kg, m 2 = V 2 /V 2 = 5.14 kg 


U 2 = u„ = 2583.6 kJ/kg, 


S 2 = s„ = 6.5864 kJ/kg-K 


Exit: Pg = 1.0 MPa, sat. vap. Xg = 1.0, hg = hg = 2778.1 kJ/kg 


Sp = s„ = 6.5864 kJ/kg, 


mg = mi - m 2 = 467.12 kg 

Prom the energy equation we get 

1 Q 2 = m 2 U 2 - miUi + mghg = 1 072 080 kJ 
Prom the entropy Eq.9.24 (with 9.25 and 9.26) we get 


1 S 2 gen = m2S2 “ niiSi + mgSg - Y~ ; 


1Q2 


Th = 200°C = 473 K 


H 


1^2 gen ^ = 120,4 kJ/K > 0 Process Satisfies 2**^ Law 
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9.132 

A certain industrial process requires a steady 0.5 kg/s of air at 200 m/s, at the 
condition of 150 kPa, 300 K. This air is to be the exhaust from a specially 
designed turbine whose inlet pressure is 400 kPa. The turbine process may be 
assumed to be reversible and polytropic, with polytropic exponent n = 1.20. 

a) What is the turbine inlet temperature? 

b) What are the power output and heat transfer rate for the turbine? 

c) Calculate the rate of net entropy increase, if the heat transfer comes from a 
source at a temperature 100°C higher than the turbine inlet temperature. 

Solution; 

C.V. Turbine, this has heat transfer, PV^ = Constant, n = 1.2 
Exit: Tg = 300K, Pe=150kPa, Vg = 200 m/s 

ti-l 

a) Process polytropic Eq.8.37; T^ / Tj = (P^/Pj) ^ => Tj = 353.3 K 

b) 1^*- Eaw Eq.6.12; mi(h + + Q = iHg^Ch + V^/2)gx + Wj 

Reversible shaft work in a polytropic process, Eq.9.14 and Eq.9.19: 

WT = -!vdP +(vf-vJ)/2 = - ^(P^vg - PjVi) +(vf-vJ)/2 

= - ^R(Tg-Ti) - /2 = 71.8kJ/kg 


Wj = rnwx = 35.9 kW 

Assume constant specific heat in the energy equation 

Q = rn[Cp (Tg -Tj) + vj /2 ] + Wj = 19.2 kW 

c) 2^^ Law Eq.9.7 or 9.23 with change in entropy from Eq.8.25: 

dSj^g^/dt = Sggjj = m(Sg -S[) - Qh/T^, ^ Tj + 100 = 453.3 K 

Sg - Si = Cpln(Tg / Ti) - R ln(Pg / Pj) = 0.1174 kJ/kg K 
dSnet/dt = 0.5x0.1174 - 19.2/453.3 = 0.0163 kW/K 
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9.133 

Assume both the compressor and the nozzle in Problem 9.37 have an isentropic 
efficiency of 90% the rest being unchanged. Find the actual compressor work and 
its exit temperature and find the actual nozzle exit velocity. 




14 5 ^1 


C.V. Ideal compressor, inlet: 1 exit: 2 

Adiabatic : q = 0. 

Reversible: Sggjj = 0 


Energy Eq.6.13: 
Entropy Eq.9.8: 


h^ + 0 = + ^ 2 , 

Sj + 0/T + 0 = S 2 


- Wcs = h2 - hi , S2 = Si 

kJ kJ 

Properties use air Table A.5: Cp^ = 1.004 R = 0.287 k = 1.4, 

Process gives constant s (isentropic) which with constant Cp^ gives Eq.8.32 


ki 

=> T 2 = Ti( P 2 /P 1 ) k =290 (400/100)^-2^^^ = 430.9 K 


^ -Wcs = Cpo(T 2 - Ti) = 1.004 (430.9 - 290) = 141.46 kJ/kg 


The ideal nozzle then expands back down to state 1 (constant s). The actual 
compressor discharges at state 3 however, so we have: 

Wc = -157.18 ^ T 3 = Ti - Wj-ZCp = 446.6 K 

Nozzle receives air at 3 and exhausts at 5. We must do the ideal (exit at 4) 
first. 

k -1 

S 4 = S 3 ^ Eq.8.32: T 4 = T 3 (P 4 /P 3 ) = 300.5 K 

5 V2 = Cp(T 3 - T 4 ) = 146.68 ^ ^ Vjg = 132 kJ/kg ^ = 513.8 m/s 

If we need it, the actual nozzle exit (5) can be found: 

Tj'Tj- vIJ2C„ = 315 K 
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Problems solved with and Vj- functions 
9.28 

A compressor receives air at 290 K, 100 kPa and a shaft work of 5.5 kW from a 
gasoline engine. It should deliver a mass flow rate of 0.01 kg/s air to a pipeline. 
Find the maximum possible exit pressure of the compressor. 

Solution; 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 

• • • 

Continuity Eq.6.11; mj = mg = m, 

• • • 

Energy Eq.6.12; mhj = mhg + Wc, 

• • • • 

Entropy Eq.9.8; ms; + Sgg^ = mSg ( Reversible Sgg^ = 0 ) 

Wg = mWg => -Wg = -W/m = 5.5/0.01 = 550 kJ/kg 
Use Table A.7, hj = 290.43 kJ/kg, i = 0.9899 

hg = hi + (-Wg) = 290.43 + 550 = 840.43 kJ/kg 

A.7 => Tg = 816.5 K, Prg = 4E717 

Pg = Pi (Pre/Pri) = 100 >< (41.717/0.9899) = 4214 kPa 


i? At 



S 


V 
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9.32 

Do the previous problem using the air tables in A.7 

The exit nozzle in a jet engine reeeives air at 1200 K, 150 kPa with neglible 
kinetie energy. The exit pressure is 80 kPa and the proeess is reversible and 
adiabatie. Use eonstant heat capaeity at 300 K to find the exit veloeity. 


Solution; 

C.V. Nozzle, Steady single inlet and exit fiow, no work or heat transfer. 

Energy Eq.6.13: hj = hg + Vg/2 ( Zj = Zg ) 

Entropy Eq.9.8: Sg = Sj + 1 dq/T + Sgg^ = Sj + 0 + 0 
Proeess: q = 0, Sggjj = 0 as used above leads to Sg = sj 

Inlet state: hj = 1277.8 kJ/kg, Pj. j = 191.17 

The eonstant s is done using the Pj. funetion from A.7.2 

Pr e = Pri(Pe/Pi) = 191.17(80/150)= 101.957 
Interpolate in A.7 => 


^ .... 101.957-91.651 

Tg- 1000 + 50 11135 _9i_65i 


1026.16 K 


hg = 1046.2 + 0.5232 x (1103.5 - 1046.2) = 1076.2 kJ/kg 

2 

From the energy equation we have V^/2 = hj - h^ , so then 

Vg = 3/2 (hi - hg) = y/2(1277.8 - 1076.2) x 1000 = 635 m/s 
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9.34 

Air enters a turbine at 800 kPa, 1200 K, and expands in a reversible adiabatie 
process to 100 kPa. Calculate the exit temperature and the work output per 
kilogram of air, using 

a. The ideal gas tables, Table A.7 

b. Constant specific heat, value at 300 K from table A.5 

Solution; 


air 



W 




C.V. Air turbine. 

Adiabatic: q = 0, reversible; Sgg^ = 0 
Energy Eq.6.13; Wj = h; - hg , 
Entropy Eq.9.8; Sg = S; 


hi = 1277.8 kJ/kg, Pri = 191.17 
The constant s process is done using the Pj. function from A.7.2 


\ 


Pre = Pri(Pe/Pi)= 191.17 


rioo 

v800y 


= 23.896 


Interpolate in A.7.1 


Tg = 705.7 K, hg = 719.7 kJ/kg 


w = hi - hg = 1277.8 - 719.7 = 558.1 kJ/kg 


b) Table A.5: Cp^ = 1.004 kJ/kg K, R = 0.287 kJ/kg K, k=1.4, then 


from Eq.8.32 


k-l 


Tg = Ti (Pg/Pi) k = 1200 


rioo" 

v800y 


0.286 


= 662.1 K 


w = Cpg(Ti - Tg) = 1.004(1200 - 662.1) = 539.8 kJ/kg 
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9.69 

An old abandoned saltmine, 100 000 m in volume, eontains air at 290 K, 100 
kPa. The mine is used for energy storage so the loeal power plant pumps it up to 
2.1 MPa using outside air at 290 K, 100 kPa. Assume the pump is ideal and the 
proeess is adiabatic. Find the final mass and temperature of the air and the 
required pump work. 

Solution: 


C.V. The mine volume and the pump 


Continuity Eq.6.15: 
Energy Eq.6.16: 

Entropy Eq.9.12: 


m2 - mi = mj 


in 


m2U2 - miui = 1Q2 - 1W2 + mi„hi„ 


m2S2 - miSi = J^dQ/T + iS 


2 gen ^in^in 


Process: Adiabatic 1 Q 2 = 0 , Process ideal iS2gen^0’ si=s 


in 


m2S2 = miSi + mj^Sin = (mi + m^Si = m2Si 


§2 = Si 


Constant s 


Pr2 = Pri(P2/Pi) = 0.9899 


r 2 ioo 


100 




V 


= 20.7879 


J 


A.7.2 


T 2 = 680 K , U2 = 496.94 kJ/kg 


mi = PiVi/RTi = 100x10^/(0.287 x 290) = 1.20149 x 10^ kg 
m 2 = P 2 V 2 /RT 2 = 100 X 21x10^(0.287 x 680) = 10.760 x 10® kg 

^ mjjj = 9.5585x10® kg 


1W2 = mi„hi„ + miui - m2U2 


= mi„(290.43) + mi(207.19) - m2(496.94) = -2.322 x 10^ kJ 



V 


s 
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9.89 

Calculate the air temperature and pressure at the stagnation point right in front of 
a meteorite entering the atmosphere (-50 °C, 50 kPa) with a veloeity of 2000 m/s. 
Do this assuming air is incompressible at the given state and repeat for air being a 
compressible substanee going through an adiabatic compression. 

Solution: 

Kinetie energy: (2000)2/1000 = 2000 kJ/kg 

Ideal gas: v^tm = RT/P = 0.287 x 223/50 =1.28 m^/kg 

a) incompressible 

Energy Eq.6.13: Ah = ^ = 2000 kJ/kg 

If A.5 AT = Ah/Cp = 1992 K unreasonable, too high for that Cp 

Use A.7: h^t = h^ +1V2 = 223.22 + 2000 = 2223.3 kJ/kg 

Tst= 1977K 

Bernoulli (incompressible) Eq.9.17: 

AP = P^t - Pq = 1 V2/v = 2000/1.28 = 1562.5 kPa 

Pst = 1562.5 + 50 = 1612.5 kPa 

b) compressible 

Tgt = 1977 K the same energy equation. 

Prom A.7.2: Stagnation point Pj. gt = 1580.3; Pree Pj.q = 0.39809 


Est ^^^ 0.39809 

= 198 485 kPa 



Notice that this is highly compressible, v is not constant. 
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9.127 

Supercharging of an engine is used to increase the inlet air density so that more 
fuel can be added, the result of which is an increased power output. Assume that 
ambient air, 100 kPa and 27°C, enters the supercharger at a rate of 250 L/s. The 
supercharger (compressor) has an isentropic efficiency of 75%, and uses 20 kW 
of power input. Assume that the ideal and actual compressor have the same exit 
pressure. Find the ideal specific work and verily that the exit pressure is 175 kPa. 
Find the percent increase in air density entering the engine due to the 
supercharger and the entropy generation. 



C.V.: Air in compressor (steady flow) 

• • • • 

Cont: mjjj = mg^ = m = V/vj^ = 0.29 kg/s 

• • • • 

Energy: mhjjj - W = mhg^ Assume: Q = 0 

• • • 

Entropy: msj^ + Sggjj = mSg^ 

Inlet state: Vj^ = RTjjj/Pijj = 0.8614 m^/kg, P^j^ = 1.1167 


he = Wc s/Wc ac => -Ws = -Wac X Tjg = 15 kW 


■Wc s ^ -Wg/m = 51.724 kJ/kg, -w^ ac ^ 68.966 kJ/kg 


Table A. 7: 


hex s ^ hjjj - w^ g = 300.62 + 51.724 = 352.3 kJ/kg 


Tg,g = 351.5 K, Pr ex =1-949 


Pex= Pin X Pr ex/Pr in = 1 00 X 1 .949 / 1.1167 = 174,5 kPa 
The actual exit state is 


hex ac = hin - Wc ac = 369.6 kJ/kg ^ Tgx^g = 368.6 K 
Vex = RTg^/Pgx = 0.606 m^/kg 

Pex/pin = '^in/’^ex = 0.8614/0.606 = 1,42 or 42 % increase 
Sgen = Sgx - Si„ = 7.0767 - 6.8693 - 0.287 ln(174/100)] = 0.0484 kJ/kg K 
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Concept Problems 
9.134 

A compressor receives R-134a at 20 F, 30 psia with an exit of 200 psia, x = 1. 
What can you say about the proeess? 

Solution; 


Properties for R-134a are found in Table F.IO 

Inlet state; s; = 0.4157 Btu/lbm R 

Exit state; Sg = 0.4080 Btu/lbm R 


Steady state single flow; 



Since s deereases slightly and the generation term ean only be positive, 
it must be that the heat transfer is negative (out) so the integral gives a 
contribution that is smaller than -Sggd. 
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9.135 

A large condenser in a steam power plant dumps 15 000 Btu/s at 115 F with an 
ambient at 77 F. What is the entropy generation rate? 

Solution; 


This process transfers heat over a finite temperature difference between 
the water inside the condenser and the outside ambient (cooling water from the 
sea, lake or river or atmospheric air) 


C.V. The wall that separates the inside 115 F 
water from the ambient at 77 F. 

Entropy Eq. 9.1 for steady state operation; 



dS 

dt 




115F 


77 E 



15 000 15 000 1 Btu _ Btu 

536.7 “ 115 + 459.7 J s R “ s R 
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9.136 

Air at 150 psia, 540 R is throttled to 75 psia. What is the specific entropy 
generation? 


Solution: 

C.V. Throttle, single fiow, steady state. We neglect kinetic and potential 
energies and there are no heat transfer and shaft work terms. 

Energy Eq. 6.13: hi = he ^ T; = Tg (ideal gas) 


Entropy Eq. 9.9: 




Sg = Si + 


1 


dq 

T 


^gen Sj + S 


gen 


Change in s Eq.8.24: 






0.0475 


Btu 

IbmR 












Sonntag, Borgnakke and Wylen 


9.137 

A pump has a 2 kW motor. How much liquid water at 60 F can I pump to 35 psia 
from 14.7 psia? 


Incompressible flow (liquid water) and we assume reversible. Then the shaftwork 
is from Eq.9.18 

w = -j V dP = -V AP = -0.016 ft^/lbm (35 - 14.7) psia 
= - 46.77 Ibf-ft/lbm = -0.06 Btu/lbm 
W = 2kW = 1.896 Btu/s 



1.896 

0.06 


= 31,6 Ibm/s 
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9.138 

A steam turbine inlet is at 200 psia, 900 F. The exit is at 40 psia. What is the 
lowest possible exit temperature? Which efficiency does that correspond to? 

We would expect the lowest possible exit temperature when the maximum 
amount of work is taken out. This happens in a reversible process so if we assume 
it is adiabatic this becomes an isentropic process. 

Exit: 40 psia, s = Sjjj = 1.8055 Btu/lbm R ^ T = 483,7 F 

The efficiency from Eq.9.27 measures the turbine relative to an isentropic 
turbine, so the efficiency will be 100%. 


9.139 

A steam turbine inlet is at 200 psia, 900 E. The exit is at 40 psia. What is the 
highest possible exit temperature? Which efficiency does that correspond to? 

The highest possible exit temperature would be if we did not get any work 
out, i.e. the turbine broke down. Now we have a throttle process with constant h 
assuming we do not have a significant exit velocity. 

Exit: 40 psia, h = h^jj = 1477.04 Btu/lbm ^ T = 889 F 


Efficiency: 




Remark: Since process is irreversible there is no area under curve in T-s diagram 
that correspond to a q, nor is there any area in the P-v diagram corresponding to a 
shaft work. 
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9.140 

A steam turbine inlet is at 200 psia, 900 F. The exit is at 40 psia, 600 F. What is 
the isentropic efficiency? 

from table F.7.2 

Inlet: hjj^ = 1477.04 Btu/lbm, sjjj = 1.8055 Btu/lbm R 

Exit: hgx= 1333.43 Btu/lbm, Sg^ = 1.8621 Btu/lbm R 

Ideal Exit: 40 psia, s = sj^ = 1.8055 Btu/lbm R ^ h^ = 1277.0 Btu/lbm 


Wac = hjji - hgx = 1477.04 - 1333.43 = 143.61 Btu/lbm 
Ws = hin - hs = 1477.04 - 1277.0 = 200 Btu/lbm 
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9.141 

The exit veloeity of a nozzle is 1500 ft/s. If rij^o^zle ^ 0-88 what is the ideal exit 
veloeity? 


The nozzle effieieney is given by Eq. 9.30 and sinee we have the aetual 
exit veloeity we get 



2 


nozzle 



= 1500/V0.88 = 1599 ft/s 
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Steady Single Flow Devices 
9.142 

Steam enters a turbine at 450 lbf/in.2, 900 F, expands in a reversible adiabatic 
process and exhausts at 130 F. Changes in kinetic and potential energies between 
the inlet and the exit of the turbine are small. The power output of the turbine is 
800 Btu/s. What is the mass flow rate of steam through the turbine? 

Solution; 

C.V. Turbine, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.6.11; rhj = ihg = m, 

Energy Eq.6.12: mhi = rhhg + Wj, 

Entropy Eq.9.8; ihs; + 0 = mSg ( Reversible Sggjj = 0 ) 


Explanation for the 
work term is in Sect. 

9.3,Eq.9.18 


Ap 



V 



Inlet state: Table F.7.2 h; = 1468.3 btu/lbm, S; = 1.7113 btu/lbm R 
Exit state: Sg = 1.7113 Btu/lbm R, Tg = 130 F ^ saturated 
Xg = (1.7113 - 0.1817)/!.7292 = 0.8846, 
hg = 97.97 + Xg 1019.78 = 1000 Btu/lbm 
w = h; - hg = 1468.3 - 1000 = 468.31 Btu/lbm 
rh = W / w = 800 / 468.3 = 1.708 Ibm/s 
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9.143 


In a heat pump that uses R-134a as the working fluid, the R-134a enters the 
compressor at 30 lbf/in.2, 20 F at a rate of 0.1 Ibm/s. In the compressor the R- 
134a is compressed in an adiabatic process to 150 lbf/in.2. Calculate the power 
input required to the compressor, assuming the process to be reversible. 

Solution: 

C.V. Compressor, Steady single inlet and exit flows. Adiabatic: Q = 0. 
Continuity Eq.6.11: rh^ = m 2 = rh. 

Energy Eq.6.12: rhhi = mh 2 + W^, 

Entropy Eq.9.8: ihs^ + 0 = ms 2 ( Reversible Sgg^ = 0 ) 


Inlet state: Table F.10.2 h^ = 169.82 Btu/lbm, s^ = 0.4157 Btu/lbm R 


Exit state: P 2 = 150 psia & $2 


h 2 = 184.46 Btu/lbm 


Wg = mwg = m(hi - h 2 ) = 0.1 x (169.82 - 184.46) = -1,46 btu/s 


Explanation for the 
work term is in 
Sect. 9.3 
Eq.9.18 


Ap 



At 



V 


s 
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9.144 

A diffuser is a steady-state, steady-flow device in which a fluid flowing at high 
velocity is decelerated such that the pressure increases in the process. Air at 18 
lbl7in.2, 90 F enters a diffuser with velocity 600 ft/s and exits with a velocity of 
60 ft/s. Assuming the process is reversible and adiabatic what are the exit pressure 
and temperature of the air? 

C.V. Diffuser, Steady single inlet and exit flow, no work or heat transfer. 

Energy Eq.; h; + vf/2g^ =he + Vg/2g^, => h^ - h; =Cpo(Te-Ti) 

Entropy Eq.: Sj + j dq/T + Sggjj = S; + 0 + 0 = Sg (Reversible, adiabatic) 

9 7 

Energy equation then gives (conversion 1 Btu/lbm = 35 037 ft /s from A.l): 

600 ^ - 60 ^ 

Cpo(Te -T,) = 0.24(Tg- 549.7) = 


Tg = 579.3 R 

k 

Pe = PKVTi)k-l 


18 


^79.3 
^549.7 


3.5 


J 


= 21.6 Ibf/in^ 



Inlet 


Hi V 
Low P, A 



Exit 


Low V 
Hi P, A 


V 
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9.145 

The exit nozzle in a jet engine receives air at 2100 R, 20 psia with neglible kinetic 
energy. The exit pressure is 10 psia and the process is reversible and adiabatic. 
Use constant heat capacity at 77 F to find the exit velocity. 


Solution; 

C.V. Nozzle, Steady single inlet and exit flow, no work or heat transfer. 
Energy Eq.6.13: h; = hg + Vg/2 ( Z; = Zg ) 

Entropy Eq.9.8: Sg = S; + 1 dq/T + Sgg^ = Sj + 0 + 0 


Use constant specific heat from Table E.4, Cpg 
The isentropic process (Sg = Sj) gives Eq.8.32 


^ ^ ^ Btu 
Ibm R’ 


k= 1.4 


ki 

=> Te = Ti( P^/Pi) k = 2100 (10/20) = 1722.7 R 


2/_2 


The energy equation becomes (conversion 1 Btu/lbm = 25 037 ft /s in A.l) 

Vg/2 = hi - hg = Cp( Ti - Tg) 

Vg = Cp( Ti - Tg) = y/2x0.24(2100-1722.7) x 25 037 = 2129 ft/s 







Eow P 


Hi V 
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9.146 

Air at 1 atm, 60 F is compressed to 4 atm, after which it is expanded through a 
nozzle back to the atmosphere. The compressor and the nozzle are both reversible 
and adiabatic and kinetic energy in/out of the compressor can be neglected. Find 
the compressor work and its exit temperature and find the nozzle exit velocity. 



A 


Separate control volumes around 
compressor and nozzle. For ideal 
compressor we have 
inlet: 1 and exit: 2 

Adiabatic : q = 0. 

Reversible; Sggjj = 0 



Energy Eq. 6.13; hj +0=W(- +^ 2 ; 

Entropy Eq.9.8; s^ + 0/T + 0 = S 2 


- wc = h2 - hi , 


§2 = Si 


The constant s from Eq. 8.25 gives 

ki 

T 2 = Ti (P 2 /P 1 ) k = (459.7 + 60) X (4/1)0-2857 = jjj R 

^ -wc = h 2 - hi = Cp(T 2 - Ti) = 0.24 (772 - 519.7) = 60.55 Btu/lbm 

The ideal nozzle then expands back down to state 1 (constant s) so energy 
equation gives; 

= h 2 - hi = -W (2 = 60.55 Btu/lbm 
^ V = y/2 X 60.55 x 25 037 = 1741 ft/s 

9 7 

Remember conversion 1 Btu/lbm = 25 037 ft /s from Table A.l. 
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9.147 

An expander receives 1 Ibm/s air at 300 psia, 540 R with an exit state of 60 psia, 
540 R. Assume the process is reversible and isothermal. Find the rates of heat 
transfer and work neglecting kinetic and potential energy changes. 

Solution; 


C.V. Expander, single steady flow. 

• • • • 

Energy Eq.; mh; + Q = mhg + W 

• • • • 

Entropy Eq.; msj + Q/T + mSggd = mSg 
Process: T is constant and Sggjj = 0 

Ideal gas and isothermal gives a change in entropy by Eq. 8.24, so we can 
solve for the heat transfer 


P 


Q = Tm(Sg - Sj) = -mRT In 


53.34 60 

= - 1 X 540 X rrrrn X In = 59,6 Btu/s 


778 


300 


From the energy equation we get 


W = m(hj - hg) + Q = Q = 59,6 Btu/s 
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9.148 

A flow of 4 Ibm/s saturated vapor R-22 at 100 psia is heated at constant pressure 
to 140 F. The heat is supplied by a heat pump that receives heat from the ambient 
at 540 R and work input, shown in Fig. P9.35. Assume everything is reversible 
and find the rate of work input. 


Solution; 

C.V. Heat exchanger 

• • 

Continuity Eq.; m^ = m 2 ; 

• • • 

Energy Eq.; niihi + Qjj = mih 2 

Table E.9.2; 
h^ = 109.01 Btu/lbm, 

Sj = 0.2179 Btu/lbm R 

h 2 = 125.08 Btu/lbm, 

St = 0.2469 Btu/lbm R 



Notice we can find but the 
difficult to evaluate the COP of the heat pump. 


temperature Tj^ is not constant making it 


C.V. Total setup and assume everything is reversible and steady state. 

• • • • 

Energy Eq.; + Qj^ + W = m^h 2 


Entropy Eq.; 




(T. is constant, s„„„ = 0) 


Ql = m [^2 - Sj] = 4 X 540 [0.2469 - 0.2179] = 62.64 Btu/s 
W = mj[h 2 - h^] - Ql = 4 (125.08 - 109.01) - 62.64 = 1.64 Btu/s 
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9.149 

One technique for operating a steam turbine in part-load power output is to 
throttle the steam to a lower pressure before it enters the turbine, as shown in Fig. 
P9.39. The steamline conditions are 200 lbf/in.2, 600 F, and the turbine exhaust 
pressure is fixed at 1 lbf/in.2. Assuming the expansion inside the turbine to be 
reversible and adiabatic, determine 

a. The full-load specific work output of the turbine 

b. The pressure the steam must be throttled to for 80% of full-load output 

c. Show both processes in a T-s diagram. 

a) C.V. Turbine full-load, reversible. 

^3a ^ Si = 1.6767 Btu/lbm R = 0.132 66 + x 1.8453 

x^n = 0.8367 

hja = 69.74 + 0.8367 x 1036.0 = 936.6 Btu/lbm 
w = hi - hga = 1322.1 - 936.6 = 385.5 Btu/lbm 

b) w = 0.80 x 385.5 = 308.4= 1322.1 -h 3 b ^ h 3 i, = 1013.7 Btu/lbm 

1013.7 = 69.74 + X 31 , X 1036.0 ^ X 3 b = 0.9112 
S 3 b = 0.13266 + 0.9112 x 1.8453 = 1.8140 Btu/lbm R 

S 2 b = S 3 b= 1-81401 P 2 = 56.6 Ibf/in^ 
h 2 b = hi = 1322.1 J ^ T 2 = 579 F 
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Steady Irreversible Processes 
9.150 

Analyse the steam turbine described in Problem 6.161. Is it possible? 

C.V. Turbine. Steady flow and adiabatic. 

Continuity Eq.6.9; rn^ = rn 2 + m 3 ; 

• • • • 

Energy Eq. 6 .10; m^h^ = m 2 h 2 + m 3 h 3 + W 

• • • • 

Entropy Eq.9.7: m^Sj + Sgg^ = m 2 S 2 + m 3 S 3 


States from Table E.7.2: s\ = 1.6398 Btu/lbm R, S 2 = 1.6516 Btu/lbm R, 

S3 = Sf + X Sfg = 0.283 + 0.95 x 1.5089 = 1.71 Btu/lbm R 
Sgen = 40 x 1.6516+ 160 x1.713-200 X 1.6398 = 12.2 Btu/s -R 
Since it is positive => possible. 

Notice the entropy is increasing through turbine; s^ < S 2 < S 3 
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9.151 

Two flowstreams of water, one at 100 lbf/in.2, saturated vapor, and the other at 
100 lbf/in.2, 1000 F, mix adiabatically in a steady flow process to produce a 
single flow out at 100 lbf/in.2, 600 F. Find the total entropy generation for this 
process. 

Solution; 

• • • 

Continuity Eq.6.9; m 3 = + m 2 , 

• • • 

Energy Eq.6.10; ^13113 = m^h^ + m 2 h 2 

State properties from Table F.7.2 

hj = 1187.8, h 2 = 1532.1, hj = 1329.3 all in Btu/lbm 

Sj = 1.6034, S 2 = 1.9204, S 3 = 1.7582 all in Btu/lbm R 

=> mi/m 3 = (h 3 - h 2 ) / (hj - h 2 ) = 0.589 

• • • • 

Entropy Eq.9.7; m 3 S 3 = m^s^ + m 2 S 2 + Sggjj => 

Sgen/m3 = S3 - (rni/rn3) Si - (1112/1113) S2 

= 1.7582 - 0.589 X 1.6034-0.411 x 1.9204 = 0.0245 


1 





2 




Mixing 

chamber 
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9.152 

A mixing chamber receives 10 Ihm/min ammonia as saturated liquid at 0 F from 
one line and ammonia at 100 F, 40 Ibf/in.^ from another line through a valve. The 
chamber also receives 340 Btu/min energy as heat transferred from a 100-F 
reservoir. This should produce saturated ammonia vapor at 0 F in the exit line. 
What is the mass flow rate at state 2 and what is the total entropy generation in 
the process? 

Solution: 


CV: Mixing chamber out to reservoir 


Continuity Eq.6.9: 
Energy Eq.6.10: 
Entropy Eq.9.7: 


mj + m 2 = m 3 

• • • • 

m^h^ + m2h2 + Q = ni3h3 

riiisi + m2S2 + Q/T^es + 


111383 


1 





2 


5 =^ 


MIXING 

CHAMBER 







Erom Table E.8.1 
Erom Table E.8.2 
Erom Table E.8.1 


hj = 42.6 Btu/lbm, Sj = 0.0967 Btu/lbm R 
h 2 = 664.33 Btu/lbm, S 2 = 1.4074 Btu/lbm R 
h 3 = 610.92 Btu/lbm, S 3 = 1.3331 Btu/lbm R 


From the energy equation: 


m2 = 


. iiii(hi - h 3 ) + Q 10(42.6 -610.92)+ 340 . 

-- u—u - =—^TTTno— TZa^ -= 100.1 Ibm/min 

h 3 - h 2 610.92 - 664.33 

m3 = 110.1 Ibm/min 


Sgen = 111383 - liiiSi -111282 - Q/T 


res 


= 110.1x1.3331 - 10x0.0967 - 100.1x1.4074 - 


340 


559.67 


= 4.37 


Btu 


R min 
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9.153 

A condenser in a power plant receives 10 Ibm/s steam at 130 F, quality 90% and 
rejeets the heat to cooling water with an average temperature of 62 F. Find the 
power given to the cooling water in this eonstant pressure proeess and the total 
rate of enropy generation when eondenser exit is saturated liquid. 

Solution; 

C.V. Condenser. Steady state with no shaft work term. 

• • • 

Energy Eq.6.12: m h- + Q = mh 

1 W 

Entropy Eq.9.8; m s- + Q/T + Sg^j, = m s^ 

Properties are from Table E.7.1 

h- = 98.0 + 0.9 X 1019.8 = 1015.8 Btu/lbm, h = 98.0 Btu/lbm 

1 W 

S: = 0.1817 +0.9 X 1.7292= 1.7380 Btu/lbm R, s^ = 0.1817 Btu/lbm R 

i c 

Qout = -Q = m (hj - hg) = 10(1015.8 - 98.0) = 9178 btu/s 

Sgen = m (Sg - S-) + Qout/T 

= 10(0.1817- 1.738)+ 9178/(459.7+ 62) 

= -15.563 + 17.592 = 2.03 Btu/s-R 
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9.154 

7 ^ 

Air at 540 F, 60 Ibf/in. with a volume flow 40 ft /s runs through an adiabatic 

turbine with exhaust pressure of 15 Ibf/in. . Neglect kinetic energies and use 
constant specific heats. Find the lowest and highest possible exit temperature. For 
each case find also the rate of work and the rate of entropy generation. 

Ti = 540F= 1000 R 

Vi = RTi /Pi = 53.34 xl000/(60 x 144) = 6.174 ft^ / Ibm 




rh = F /v i = 40/6.174 = 6.479 Ibm/s 

lowest exit T, this must be reversible for maximum work out. 

ki 

Te = Ti(Pe/Pi) = 1000 (15/60)®-2^^ = 673 R 
w = 0.24 (1000 - 673) = 78.48 Btu/lbm ; W = riiw = 508,5 Btu/s 

Sgen ~ 0 

Highest exit T, for no work out. Tg = T i = 1000 R 

W = 0 

Sgen = m (se- s i ) = - rhR In (Pg / P i ) 

= - 6.479 X In (15/60) = 0.616 Btu/s-R 




Sonntag, Borgnakke and Wylen 


9.155 

A supply of 10 Ibm/s ammonia at 80 Ibf/in. , 80 F is needed. Two sources are 

available one is saturated liquid at 80 F and the other is at 80 Ibf/in. , 260 F. 
Flows from the two sourees are fed through valves to an insulated mixing 
ehamber, whieh then produees the desired output state. Find the two souree mass 
flow rates and the total rate of entropy generation by this setup. 

Solution; 

C.V. mixing ehamber + valve. Steady, no heat transfer, no work. 

Continuity Eq.6.9; mj + m 2 = m 3 ; 

Energy Eq.6.10; rh^ h^ + m 2 h 2 = m 3 h 3 

Entropy Eq.9.7; rh^ s^ + m 2 S 2 + Sgen ^ >^383 


MIXING 

CHAMBER 




State 1; Table E.8.1 
State 2: Table E.8.2 
State 3: Table E.8.2 


hi = 131.68 Btu/lbm, 
h 2 = 748.5 Btu/lbm, 
h 3 = 645.63 Btu/lbm, 


Si= 0.2741 Btu/lbm R 
S 2 = 1.4604 Btu/lbm R 
S 3 = 1.2956 Btu/lbm R 


As all states are known the energy equation establishes the ratio of mass flow 
rates and the entropy equation provides the entropy generation. 


^ 3-^2 -102 87 

riiihi + (m 3 - mi)h 2 = m 3 h 3 => ihi = 1113 j-—j-= lOx 1.668 Ibm/s 

X 


^ m 2 = m 3 - rii^ = 8.332 Ibm/s 

Sgen= ^383 - miSi -m2S2 

= 10 xl.2956 - 1.668 x 0.2741 - 8.332 xl.46 = 0.331 Btu/s-R 
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Transient Processes 


9.156 

An old abandoned saltmine, 3.5 x 106 ft^ in volume, eontains air at 520 R, 14.7 
lbl7in.2. The mine is used for energy storage so the local power plant pumps it up 
to 310 Ibf/in.^ using outside air at 520 R, 14.7 Ibf/in.^. Assume the pump is ideal 
and the process is adiabatic. Find the final mass and temperature of the air and the 
required pump work. Overnight, the air in the mine cools down to 720 R. Find the 
final pressure and heat transfer. 

Solution; 

C.V. The mine volume and the pump 
Continuity Eq.6.15: m 2 - m^ = mjj, 

Energy Eq.6.16; m 2 U 2 - m^ui = 1 Q 2 - 1 W 2 + 

Entropy Eq.9.12; m 2 S 2 - m^Sj = JdQ/T + 1 S 2 gen + m^nSi„ 

Process: Adiabatic 1 Q 2 = 0 , Process ideal iS2gen^0! 

=> m2S2 = misi + mi„Sin = (mi + mjsi = m2Si ^ S2 = Si 


Constant s ^ 


Table F.4 ^ 


Eq.8.28 Sj 2 = Sj- + R ln(Pe / P;) 



1.63074 + 


53.34 310 

778 ^^M4.7^ 


1.83976 Btu/lbmR 


T 2 = 1221 R, U 2 = 213.13 Btu/lbm 

Now we have the states and can get the masses 

„ _ 14.7x3.5x10^x144 _ „ 

= Pi V 1 /RT 1 =--= 2.671x10^ Ibm 


1 '' 1 


1 


^2 “ P2V2/RT2 - 


53.34 x 520 

310 X 3.5x10^ X 144 
53.34 X 1221 


= 2.4x10'’ kg 


=> mjjj = m 2 - mi = 2,1319x10^ Ibm 
1 W 2 = mijjhij, + miUi - m 2 U 2 = 2.1319x10® x 124.38 + 2.671x10® 
X 88.73 - 2.4x10® x 213.13 = -2.226 x 10^ Btu = -pump work 

Wpymp = 2,23 X 10^ Btu 

2W3 = 0, P3 = P2T3/T2 = 310x720/1221 = 182.8 Ibf/in^ 

2Q3 = m2(u3 - U2) = 2.4xl0®(123.17 -213.13)= -2.16 x 10* Btu 
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9.157 

Air from a line at 1800 Ibf/in.^, 60 F, flows into a 20-ft^ rigid tank that initially 
contained air at ambient conditions, 14.7 Ibf/in.^, 60 F. The process occurs rapidly 
and is essentially adiabatic. The valve is closed when the pressure inside reaches 
some value, P 2 . The tank eventually cools to room temperature, at which time the 

pressure inside is 750 Ibf/in.^. What is the pressure P 2 ? What is the net entropy 

change for the overall process? 


CV; Tank. Mass flows in, so this is transient. Find the mass first 

14.7 x 144x20 , 

mi “ PlV/RTi - ^ ^20 “ 

Fill to P 2 , then cool to T 3 = 60 F, P 3 = 750 psia 


m 3 = m 2 = P 3 V/RT 3 

750 X 144 X 20 
53.34 x 520 


= 77.875 Ibm 


at 


v = C 


1800 psia 




1 


/ 


750 psia 14.7 psia 



Cont. Eq.; m; = m 2 - m^ = 77.875 - 1.526 = 76.349 Ibm 

Consider the overall process from 1 to 3 

Energy Eq.: Qj-y + niih; = m 2 U 3 - m^Ui = m 2 h 3 - mihj - (P 3 - Pi)V 
But, since Tj = T 3 = Tj, mjhi = m 2 h 3 - mihj 
^ Qcv = -(P 3 -Pi)V = -(750 -14.7)x20xl44/778 = -2722 Btu 


^Snet “ >^3^3 ■ ^^1^1 - niiSi - Qcv/Tq - ni3(s3 - S;) - mi(si - Sj) - Qcv/Tq 



r 53.34 

f 750^ 



53 . 34 , 

fl4.7^ 


77.875 

1 

0 

1 

00 ' 

USOOy 


- 1.526 

0 - 273 In 

USOOy 



+ 2722/520 = 9.406 Btu/R 


The filling process from lto2 (Ti = Ti) 

1-2 heat transfer = 0 so 1st law: mjhi = m 2 U 2 - m^Ui 

I^iCpoTi = m2CvoT2 ' ’^iCyoTi 



76.349 x0.24 + 1.526X 0.171 

77.875 xO.171 


X 520 = 725.7 R 


P 2 = m 2 RT 2 /V = 77.875 x 53.34 x 725.7 / (144 x 20) = 1047 Ibf/in^ 
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Reversible Shaft Work, Bernoulli 
9.158 

Liquid water at ambient eonditions, 14.7 lbf/in.2, 75 F, enters a pump at the rate 
of 1 Ibm/s. Power input to the pump is 3 Btu/s. Assuming the pump process to be 
reversible, determine the pump exit pressure and temperature. 

Solution; 

C.V. Pump. Steady single inlet and exit flow with no heat transfer. 

Energy Eq.6.13: w = hj - hg = W/m = -3/1 = - 3.0 btu/lbm 

Using also incompressible media we can use Eq.9.18 

Wp = - /vdP « -Vi(Pg - Pj) = -0.01606 ft/lbm(Pg - 14.7 psia) 

from which we can solve for the exit pressure 

144 , 

3^0.01606(Pg-14.7)x;^ ^ Pg = 1023.9 Ibf/in^ 



-W = 3 Btu/s, Pj = 14.7 psia 
T; = 75 E m=llbm/s 


Energy Eq.: hg = hj - Wp = 43.09 + 3 = 46.09 Btu/lbm 
Use Table E. 7. 3 at 1000 psia => Tg = 75,3 F 
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9.159 

A fireman on a ladder 80 ft above ground should be able to spray water an 
additional 30 ft up with the hose nozzle of exit diameter 1 in. Assume a water 
pump on the ground and a reversible flow (hose, nozzle included) and find the 
minimum required power. 

Solution; 

C.V.: pump + hose + water column, total height difference 35 m. Here V is 
velocity, not volume. 

• • 

Continuity Eq.6.3, 6.11; mj^^ = mg^ = (pAV)jjg 2 zie 

Energy Eq.6.12; rn(-Wp) + m(h + V^/2 + = m(h + V^/2 + gz)gx 

Process; hi„ = hgx, Vi„ = Vgx = 0, Zg^ - zj^ = 110 ft, p=l/v^l/vf 

-Wp = g(Zgx - zjj,) = 32.174 X (110 - 0)/25 037 = 0.141 Btu/lbm 

Recall the conversion 1 Btu/lbm = 25 037 ft^/s^ from Table A.l. The velocity 
in the exit nozzle is such that it can rise 30 ft. Make that column a C.V. for 
which Bernoulli Eq.9.17 is; 



Assume; 


V = Vp 70F = 0.01605 ftMbm 



vA2 




/ 


V 


w 


pump 


= (71/4) (1^/144) X 43.94 / 0.01605 = 14.92 Ibm/s 
= rhwp = 14.92 x 0.141 x (3600/2544) = 3 hp 
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9.160 

Saturated R-134a at 10 F is pumped/compressed to a pressure of 150 Ibf/in.^ at 
the rate of 1.0 Ibm/s in a reversible adiabatic steady flow process. Calculate the 
power required and the exit temperature for the two cases of inlet state of the R- 
134a: 

a) quality of 100 %. 

b) quality of 0 %. 

Solution: 

C.V.: Pump/Compressor, m= 1 Ibm/s, R-134a 

a) State 1: Table F.10.1, xj = 1.0 Saturated vapor, Pj = Pg = 26.79 psia, 
hj = hg = 168.06 Btu/lbm, sj = Sg = 0.414 Btu/lbm R 
Assume Compressor is isentropic, S 2 = = 0.414 Btu/lbm R 


h 2 =183.5 Btu/lbm, T 2 = 116 F 
1^*-Law Eq.6.13: q^ + h^ = h 2 + w^.; qc = 0 



w 


cs 


= hi - h 2 = 168.05 - 183.5 = - 15.5 Btu/lbm; 


=> 


Wq = rhwc = -15,5 Btu/s = 21,9 hp 


State l:Ti = 10F, xj = 0 Saturated liquid. This is a pump. 

Pi = 26.79 psia, hi = hf = 79.02 Btu/lbm, vi = Vf = 0.01202 ft^/lbm 
1^*-Law Eq.6.13: qp + hi = h 2 + Wp; qp = 0 
Assume Pump is isentropic and the liquid is incompressible, Eq.9.18: 
Wps = -1V dP = -Vi(P2 - Pi) = -0.01202 (150 - 26.79) 144 

= -213.3 Ibf-ft/lbm = - 0.274 Btu/lbm 

h 2 = hi - Wp = 79.02 - (- 0.274) = 187.3 Btu/lbm, 

Assume State 2 is approximately a saturated liquid => T 2 = 10,9 F 

Wp = rhwp = 1 (- 0.274) = -0.27 Btu/s = -0.39 hp 


Ap 
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9.161 

A small pump takes in water at 70 F, 14.7 Ibf/in.^ and pumps it to 250 Ibf/in.^ at a 
flow rate of 200 Ibm/min. Find the required pump power input. 

Solution; 

C.V. Pump. Assume reversible pump and incompressible flow. 

This leads to the work in Eq.9.18 

Wp = -/vdP = -Vi(Pg - Pj) = -0.01605(250 - 14.7) x = -0.7 Btu/lbm 

200 

Wp ijj = m(-Wp) = (0.7) = 2,33 Btu/s = 3,3 hp 
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9.162 

An expansion in a gas turbine can be approximated with a polytropic process with 
exponent n = 1.25. The inlet air is at 2100 R, 120 psia and the exit pressure is 18 
psia with a mass flow rate of 2 Ibm/s. Find the turbine heat transfer and power 
output. 


Solution; 

C.V. Steady state device, single inlet and single exit flow. 

Energy Eq.6.13: h; + q = hg + w Neglect kinetic, potential energies 

Entropy Eq.9.8; S; + j dq/T + Sggjj = Sg 
Process Eq.8.37: 

ti-l 0,25 

Tg = T; (Pg/ Pi) =2100 (18/120)^'2^ = 1436.9 R 
so the exit enthalpy is from Table P.5, hi = 532.6 Btu/lbm 

36 9 

hg = 343.0 + ^(353.5 - 343.0) = 352.7 Btu/lbm 

The process leads to Eq.9.19 for the work term 

. nR 1.25 x 53.34 

W = mw = -m^ (Tg - Ti) = -2 ^ x (1436.9 - 2100) 

= 454,6 Btu/s 

Energy equation gives 

Q = mq = rn(hg - hi) + W = 2(352.7 - 532.6) + 454.6 
= -359.8 + 454.6 = 94.8 Btu/s 



V 



s 


Notice: 
dP<0 
so dw > 0 

ds > 0 
so dq > 0 


Notice this process has some heat transfer in during expansion which is 
unusual. The typical process would have n = 1.5 with a heat loss. 
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9.163 

Helium gas enters a steady-flow expander at 120 Ibf/in.^, 500 F, and exits at 18 
IbFin.^. The mass flow rate is 0.4 Ibm/s, and the expansion proeess ean be 
considered as a reversible polytropic process with exponent, n= 1.3. Calculate the 
power output of the expander. 

Solution; 



CV; expander, reversible polytropic process. 
From Eq.8.37: 


T = T 


/ 


P 




vP.y 


n-1 


n 


/ 


= 960 


18 




0.3 


V 


120 


1.3 


= 619.6 R 


y 


Table F.4: R = 386 Ibf-ft/lbm-R 


Work evaluated from Eq.9.19 


w 


n nR 1.3 X 386 

= - F® =- Ti)=- 03^770 (619.6 - 960 ) 


= +731.8 Btu/lbm 


3600 


W = mw = 0.4 X 731.8 x = 414 hp 


Ap 


T 



1 n = 

n= 1 

1 ^ 




^ n- 1.3 


n = k= 1.667 


n= 1 


n= 1.3 


V 
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Device Efficiency 
9.164 

A compressor is used to bring saturated water vapor at 103 Ibf/in.^ up to 2000 
lbt7in.^, where the aetual exit temperature is 1200 F. Find the isentropie 
eompressor effieiency and the entropy generation. 

Solution; 

C.V. Compressor. Assume adiabatic and neglect kinetic energies. 

Energy Eq.6.13: w = h^ - h 2 

Entropy Eq.9.8; §2 = s^ + Sggjj 

We have two different eases, the ideal and the aetual compressor. 

States: 1; E.7.1 hj = 1188.36 Btu/lbm, s^ = 1.601 Btu/lbmR 

2ae: E.7.2 h 2 ^.c ^ 1598.6 Btu/lbm, S2 ^ac ^ 1-6398 Btu/lbm R 

2s: E.7.2 (P, s = s^) h 2 ^ = 1535.1 Btu/lbm 

IDEAL: ACTUAL; 

-Wg g = h 2 g - h^ = 346.7 Btu/lbm -Wqac ^ ^2 ac ‘ ^^1 =410.2 Btu/lbm 

Definition Eq.9.28; he ^’^c,s/’^c,AC ^ 0,845 ~ 85% 

Entropy Eq.9.8; 

Sggn = S 2 ac ■ Si = 1-6398 - 1.601 = 0,0388 Btu/lbm R 
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9.165 

A small air turbine with an isentropic efficiency of 80% should produce 120 
Btu/lbm of work. The inlet temperature is 1800 R and it exhausts to the 
atmosphere. Find the required inlet pressure and the exhaust temperature. 

Solution; 

C.V. Turbine actual energy Eq.6.13: 

w = hi - hg ac = 120 

Table F.5; hi = 449.794 Btu/lbm 

^ hg^^ = hi- 120 = 329.794 Btu/lbm, = 1349 R 

C.V. Ideal turbine, Eq.9.27 and energy Eq.6.13: 

Wg = w/ps = 120/0.8 = 150 = hi - hg^g ^ hg^^ = 299.794 Btu/lbm 

From Table F.5; Tg ^ = 1232.7 R , s^g = 1.84217 Btu/lbm R 

Entropy Eq.9.8: Si = Sg g adiabatic and reversible 

To relate the entropy to the pressure use Eq.8.28 inverted and standard 
entropy from Table E.5; 

778 

Pg/Pi = exp[ (sTe - STi )/R ] = exp[(l.84217 - 1.94209)^y^] = 0.2328 
Pi = Pg / 0.2328 = 14.7/0.2328 = 63.14 psia 

If constant heat capacity was used 

Tg = Ti - w/Cp = 1800 - 120/0.24 = 1300 R 
Tg g = Ti - Wg/Cp = 1800 - 150/0.24 = 1175 R 
The constant s relation is Eq.8.32 

Pg/Pi = (Tg/Ti)'^('"-1) ^ Pi = 14.7 (1800/1175)3-5 = 65.4 psia 
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9.166 

Air enters an insulated eompressor at ambient conditions, 14.7 Ibf/in.^, 70 F, at 
the rate of 0.1 Ibm/s and exits at 400 F. The isentropic efficiency of the 
compressor is 70%. What is the exit pressure? How much power is required to 
drive the compressor? 

Solution: 

C.V. Compressor: P^, T^, Tg(real), r\^ comp known, assume constant Cpo 
Energy Eq.6.13 for real: -w = Cpo(Tg - Tj) = 0.24(400 - 70) = 79.2 Btu/lbm 
Ideal -Wg = -w X rig = 79.2 x 0.7 = 55.4 Btu/lbm 
Energy Eq.6.13 for ideal: 

55.4 = Cpo(Tgg - T,) = 0.24(Tgg - 530), T^g = 761 R 
Constant entropy for ideal as in Eq.8.32: 

k 

Pe = Pi(Tes/Ti)k-i = 14.7(761/530)3-^ = 52.1 Ibf/in^ 

-Wreal = m(-w) = 0.1 X 79.2 x 3600/2544 = 11.2 hp 
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9.167 

A watercooled air compressor takes air in at 70 F, 14 Ibf/in.^ and compresses it to 
80 Ibf/in.^. The isothermal efficiency is 80% and the actual compressor has the 
same heat transfer as the ideal one. Find the specific compressor work and the exit 
temperature. 

Solution: 

Ideal isothermal compressor exit 80 psia, 70 F 
Reversible process: dq = T ds => q = T(Sg - sj) 

q = T(Se - Si) = T[s?g - s?i - R ln(Pg / P;)] 

= - RT In (Pg / Pi) = - (460 + 70) In |^ = - 63.3 Btu/lbm 

As same temperature for the ideal compressor hg = hi ^ 

w = q =-63.3 Btu/lbm => w^c = w/r] = -79,2 Btu/lbm, qac ^ 4 
Now for the actual compressor energy equation becomes 
4ac “ hg ac + Wac ^ 

he ac - hi = Oac ' Wac = ' 63.3 - (-79.2) = 15.9 Btu/lbm « Cp (Tg - Ti) 

Te ac = Ti+ 15.9/0.24 = 136 F 
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9.168 

A nozzle is required to produce a steady stream of R-134a at 790 ft/s at ambient 
conditions, 15 Ibf/in.^, 70 F. The isentropic efficiency may be assumed to be 90%. 
What pressure and temperature are required in the line upstream of the nozzle? 

C.V. Nozzle, steady flow and no heat transfer. 


Actual nozzle energy Eq.ihj = h 2 + V 2/2 

State 2 actual; Table F.10.2 h 2 = 180.975 Btu/lbm 

2 790^ 

hi = h 2 + V 2/2 = 180.975 + , = 193.44 Btu/lbm 

^ 2 X 25 037 


Recall 1 Btu/lbm = 25 037 ft^/s^ from Table A.l. 


Ideal nozzle exit: 
State 2s: (P 2 , h 2 s) 


h., = h, - KE = 193.44 -—r 77 ;^/ 0.9 = 179.59 Btu/lbm 
^ ® 2 X 25 037 

^T 2 s = 63.16E, S 2 s = 0.4481 Btu/lbm R 


Entropy Eq. ideal nozzle; Si = S 2 s 


State 1: (hj, Si=S 2 s) 


Double interpolation or use software. 


Eor 40 psia: given h] then s = 0.4544 Btu/lbm R, T= 134.47 E 
EorbOpsia: given hj then s = 0.4469 Btu/lbm R, T= 138.13 E 
Now a linear interpolation to get P and T for proper s 

„ _ _ 0.4481 -0.4544 „ . 

Pi - 40 + 20 Q 4459 _ 0.4544 “ 

0.4481 -0.4544 

Ti = 134.47 + (138.13 - 134.47) q ^^59 _ q = 137.5 F 



1 
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9.169 

Redo Problem 9.159 if the water pump has an isentropie effieieney of 85% (hose, 
nozzle ineluded). 

Solution; 

C.V.; pump + hose + water eolumn, total height differenee 35 m. Here V is 
veloeity, not volume. 

Continuity Eq.6.3, 6.11; mj^ = mg^ = (pAV)„g 2 zie 

Energy Eq.6.12; ni(-Wp) + m(h + V^/2 + gz)i„ = m(h + V^/2 + gz)^^ 
Proeess; h|„ = hgx, V;jj = Vgx = 0, Zg^ - zj^j = 110 ft, p=l/v=l/vf 

-Wp = g(Zgx - zjjj) = 32.174 X (110 - 0)/25 037 = 0.141 Btu/lbm 

Reeall the eonversion 1 Btu/lbm = 25 037 ft^/s^ from Table A.l. The veloeity 
in the exit nozzle is sueh that it ean rise 30 ft. Make that eolumn a C.V. for 
whieh Bernoulli Eq.9.17 is; 



Assume; 


n 




m = 


D 


v^2 


/ 


V = Vp 70 F = 0.01605 ftVlbm 
Vno 7 = (7^/4) (1^/144) X 43.94 / 0.01605 = 14.92 Ibm/s 


_= rhwp/'n= 14.92 x 0.141 x (3600/2544)70.85 = 3.5 hp 


pump 
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9.170 

Repeat Problem 9.160 for a pump/compressor isentropic efficiency of 70%. 
Solution; 

C.V.: Pump/Compressor, m= 1 Ibm/s, R-134a 

a) State 1; Table F.10.1, = 1.0 Saturated vapor, P^ = Pg = 26.79 psia, 

hj = hg = 168.06 Btu/lbm, sj = Sg = 0.414 Btu/lbm R 
Assume Compressor is isentropic, 82 = 8 ^ = 0.414 Btu/lbm R 

h 2 =183.5 Btu/lbm, T 2 = 116 F 
1^*-Law Eq.6.13: + hj = h 2 + w^.; qc = 0 

Wes = hj - h 2 = 168.05 - 183.5 = - 15.5 Btu/lbm; 

Now the actual compressor 

’^c, AC " Wcs/p = - 22.1 = hi - h 2 AC 
h 2 , AC = 168.06 + 22.1 = 190.2 ^ T 2 = 141.9 F 
=> Wq in = lii(-Wc) = 22.1 Btu/s = 31.3 hp 

b) State l;Ti = 10F, xj = 0 Saturated liquid. This is a pump. 

Pi = 26.79 psia, h^ = hf = 79.02 Btu/lbm, = Vf = 0.01202 ft^/lbm 
1^1 Law Eq.6.13: qp + h^ = h 2 + Wp; qp = 0 
Assume Pump is isentropic and the liquid is incompressible, Eq.9.18: 
Wps = - j V dP = -Vi(P 2 - Pi) = -0.01202 (150 - 26.79) 144 

= -213.3 Ibf-ft/lbm = - 0.274 Btu/lbm 
Now the actual pump 

Wc, AC = Wcs/P = - 0-391 = hi - h 2 AC 

h 2 = hi - Wp = 79.02 - (- 0.391) = 79.41 Btu/lbm, 

Assume State 2 is approximately a saturated liquid => T 2 = 11.2F 

Wp ijj = m(-wp) = 1 (0.391) = 0.39 Btu/s = 0.55 hp 
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Review Problems 


9.171 

A rigid 35 ft^ ta nk contains water initially at 250 F, with 50 % liquid and 50% 
vapor, by volume. A pressure-relief valve on the top of the ta nk is set to 150 
Ibhin.^ (the ta nk pressure cannot exceed 150 Ibf/in.^ - water will be discharged 
instead). Heat is now transferred to the tank from a 400 F heat source until the 
tank contains saturated vapor at 150 Ibf/in.^. Calculate the heat transfer to the tank 
and show that this process does not violate the second law. 

C.V. Tank. Vfi = 0.017 Vgi= 13.8247 
m LiQ=V liq / vfl = 0.5 X 35/0.017 = 1029.4 Ibm 
nivAP=VvAp/ vgl =0.5 x35/13.8247 = 1.266 Ibm 
m = 1030. 67 Ibm 


X — my^p / (mpiQ iHyAp) ~ 0.001228 

u = Uf+ X Ufg= 218.48 + 0.001228 x 869.41 = 219.55 
s = Sf+ X Sfg= 0.3677 + 0.001228 x 1.3324 = 0.36934 


state 2: V 2 = Vg= 3.2214 

S2 = 1.576 

Q = m 2 U 2 - m ^uj + mgh e+ W 


U2 = 1110.31 h2 = 1193.77 
m 2 = V/v 2 = 10.865 Ibm 


= 10.865 xlllO.31 - 1030.67x219.55 + 1019.8x1193.77 = 1003187 Btu 

^gen ~ ^2 ^2 ■ m j^S]^ - mgSg- 1 Q 2 / Tgource 

= 10.865 X 1.576 - 1030.67 x 0.36934 + 1019.8 x 1.57 - 1003187/860 


= 77,2 Btu/s R 
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9.172 

Air at 1 atm, 60 F is compressed to 4 atm, after which it is expanded through a 
nozzle back to the atmosphere. The compressor and the nozzle both have 
efficiency of 90% and kinetic energy in/out of the compressor can be neglected. 
Find the actual compressor work and its exit temperature and find the actual 
nozzle exit velocity. 

Steady state separate control volumes 
around compressor and nozzle. For ideal 
compressor we have inlet: 1 and exit: 2 
Adiabatie : q = 0. 

Reversible: Sgg^ = 0 

Energy Eq.: h^ + 0 = w,- + h 2 ; 
Entropy Eq.: s^ + 0/T + 0 = S 2 

§2 = Si 

The constant s from Eq. 8.25 gives 

M 

T 2 = Ti (P 2 /P 1 ) k = (459.7 + 60) X (4/1)0-2857 = 772 r 
^ -Wc = h 2 - hi = Cp(T 2 - Ti) = 0.24 (772 - 519.7) = 60.55 Btu/lbm 
Actual compressor: w^ ^.c ^ = -67,3 Btu/lbm = hj - h 3 

^ T 3 = Ti - Wg Ac/Cp = 519.7 + 67.3/0.24 = 800 R 
Ideal nozzle: S 4 = S 3 so use Eq.8.25 again 

M 

^ T 4 = T 3 X (P 4 /P 3 ) k = 800 (1/4)0-2857 = 53 g 4 R 

v 2/2 = h 3 - h 4 = Cp(T 3 - T 4 ) = 0.24(800 - 538.4) = 62.78 Btu/lbm 
Vic/2 = V2 X riNOz/2 = 62.78 x 0.9 = 56.5 Btu/lbm 
Vac = V 2 X 56.5 x 25 037 = 1682 ft/s 

9 9 

Remember conversion 1 Btu/lbm = 25 037 ft /s from Table A.l. 


1 



± 5 


Ideal compressor: w^ = hj - h 2 , 
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Concept-Study Guide Problems 
10.1 

Can I have any energy transfer as heat transfer that is 100% available? 

By definition the possible amount of work that ean be obtained equals the 
exergy (availability). The maximum is limited to that out of a reversible heat 
engine, if constant T then that is the Carnot heat engine 

T 

w = (i-y)Q 

So we get a maximum for an infinite high temperature T, where we approach an 
efficiency of one. In practice you do not have such a source (the closest would be 
solar radiation) and secondly no material could contain matter at very high T so a 
cycle process can proceed (the closest would be a plasma suspended by a 
magnetic field as in a tokamak). 

10.2 

Is energy transfer as work 100% available? 

Yes. By definition work is 100% exergy or availability. 

10.3 

We cannot create nor destroy energy, but how about available energy? 

Yes. Every process that is irreversible to some degree destroys exergy. 
This destruction is directly proportional to the entropy generation. 

10.4 

Energy can be stored as internal energy, potential energy or kinetic energy. Are 
those energy forms all 100% available? 

The internal energy is only partly available, a process like an expansion 
can give out work or if it cools by heat transfer out it is a Q out that is only partly 
available as work. Potential energy like from gravitation, mgH, or a compressed 
spring or a charged battery are forms that are close to 100% available with only 
small losses present. Kinetic energy like in a fly-wheel or motion of a mass can 
be transferred to work out with losses depending on the mechanical system. 
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10.5 

All the energy in the oeean is that available? 

No. Sinee the oeean is at the ambient T (it is the ambient) it is not possible 
to extraet any work from it. You can extract wave energy (wind generated kinetic 
energy) or run turbines from the tide flow of water (moon generated kinetic 
energy). However, since the ocean temperature is not uniform there are a few 
locations where cold and warmer water flows close to each other like at different 
depths. In that case a heat engine can operate due to the temperature difference. 

10.6 

Does a reversible process change the availability if there is no work involved? 

Yes. There can be heat transfer involved and that has an availability 
associated with it, which then equals the change of availability of the substance. 

10.7 

Is the reversible work between two states the same as ideal work for the device? 

No. It depends on the definition of ideal work. The ideal device does not 
necessarily have the same exit state as the actual device. An ideal turbine is 
approximated as a reversible adiabatic device so the ideal work is the isentropic 
work. The reversible work is between the inlet state and the actual exit state that 
do not necessarily have the same entropy. 

10.8 

When is the reversible work the same as the isentropic work? 

That happens when the inlet and exit states (or beginning and end states) 
have the same entropy. 

10.9 

If I heat some cold liquid water to T^, do I increase its availability? 

No. You decrease its availability by bringing it closer to T^, where it has 

zero availability, if we neglect pressure effects. Any substance at a T different 
from ambient (higher or lower) has a positive availability since you can run a heat 
engine using the two temperatures as the hot and cold reservoir, respectively. For 
a T lower than the ambient it means that the ambient is the hot side of the heat 
engine. 
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10.10 

Are reversible work and availability (exergy) connected? 

Yes. They are very similar. Reversible work is usually defined as the 
reversible work that can be obtained between two states, inlet-exit or beginning to 
end. Availability is a property of a given state and defined as the reversible work 
that can be obtained by changing the state of the substance from the given state to 
the dead state (ambient). 

10.11 

Consider availability (exergy) associated with a flow. The total exergy is based on 
the thermodynamic state, the kinetic and potential energies. Can they all be 
negative? 

No. By virtue of its deflnition kinetic energy can only be positive. The 
potential energy is measured from a reference elevation (standard sea level or a 
local elevation) so it can be negative. The thermodynamic state can only have a 
positive exergy the smallest it can be is zero if it is the ambient dead state. 
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10.12 


A flow of air at 1000 kPa, 300 K is throttled to 500 kPa. What is the 
irreversibility? What is the drop in flow availability? 

A throttle process is constant enthalpy if we neglect kinetic energies. 


Process: hg = hi so ideal gas => Tg = Ti 


Entropy Eq.: Sg - Sj = s 


gen 


s^g - s ji - R In TT = 0 - R In ^ 


P; 


1 


P; 


1 


Sggn = - 0.287 In (500 / 1000) = 0.2 kJ/kg K 


Eq. 10.11: i = ToSgen= 298 0.2 = 59.6 kJ/kg 


The drop in availability is exergy destruction, which is the irreversibility 

A\|/ = i = 59.6 kJ/kg 
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10.13 

A steam turbine inlet is at 1200 kPa, 500°C. The aetual exit is at 300 kPa with an 
aetual work of 407 kJ/kg. What is its seeond law effieieney? 

The seeond law effieieney is the aetual work out measured relative to the 
reversible work out, Eq. 10.29. 

Steam turbine Tq = 25°C = 298.15 K 

Inlet state: Table B.1.3 hj = 3476.28 kJ/kg; sj = 7.6758 kJ/kg K 
Aetual turbine energy Eq.: hg = hj - w^c = 3476.28 - 407 = 3069.28 kJ/kg 

Aetual exit state: Table B.1.3 Tg = 300°C; Sg = 7.7022 kJ/kg K 

From Eq.10.9, 

w''®'' = (hi - TgSi) - (hg - TgSg) = (hi - hg) + To(Sg - Si) 

= (3476.28 - 3069.28) + 298.15(7.7022 - 7.6758) 

= 407+ 7.87 = 414.9 kJ/kg 


Tin = Wac/w''®'' = 407 / 414.9 = 0.98 



V 


s 
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10.14 

A heat exchanger increases the availability of 3 kg/s water by 1650 kJ/kg using 10 
kg/s air coming in at 1400 K and leaving with 600 kJ/kg less availability. What 
are the irreversibility and the second law efficiency? 


C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The 
two flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


The irreversibility is the destruction of exergy (availability) so 

i = ^destruction = ®in ' ^^out = 10 x 600 - 3 x 1650 = 1050 kW 
The second law efficiency, Eq. 10.32 

3 X 1650 

hit ~ ®out ! ®in ~ IQ X 600 ~ 
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10.15 


A heat engine reeeives 1 kW heat transfer at 1000 K and gives out 600 W as work 
with the rest as heat transfer to the ambient. What are the fluxes of exergy in and 
out? 


w 

Exergy flux in: 




T 


N 


1 - 


o 


V 


T 




W 


Qh 


1 - 


V 


298.15 
1000 




1 kW = 0.702 kW 


y 


/ 


9 

Exergy flux out: Ol 


T 


N 


1 - 


o 


\ 


T 


Lj 


Ql = o 


(Tl = tj 


The other exergy flux out is the power Opyt = W = 0.6 kW 


\ 1000K y 

Q„=lkW 
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10.16 

A heat engine reeeives 1 kW heat transfer at 1000 K and gives out 600 W as work 
with the rest as heat transfer to the ambient. Find its first and seeond law 
effieieneies. 


First law effieieney is based on the energies 

0 6 

hi = W/Qh = ^ = 0.6 

The seeond law effieieney is based on work out versus availability in 


Exergy flux in: Ofj = 


f' T 

• 

f 298.15^ 

1 -T 

Qh = 

~ 1000 j 


1 kW = 0.702 kW 



0.6 

0.702 


0.855 


Notiee the exergy flux in is equal to the Carnot heat engine power output given 1 
kW at 1000 K and rejeeting energy to the ambient. 


\ 1000K y 

^ Qh = 1 




= 600 W 


10.17 

Is the exergy equation independent of the energy and entropy equations? 

No. The exergy equation is derived from the other balanee equations by 
defining the exergy from the state properties and the referenee dead state. 
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10.18 


A heat pump has a coefficient of performance of 2 using a power input of 2 kW. 
Its low temperature is and the high temperature is 80°C, with an ambient at Tq. 
Find the fluxes of exergy associated with the energy fluxes in and out. 

First let us do the energies in and out 


Qh 

COP = p = — => 

w 


QH = pW = 2x2kW = 4kW 


Energy Eq.: Ql = Qh “ W = 4 - 2 = 2 kW 


/ 


w 

Exergy flux in: Ol = 


T 




1 - 


o 


V 


T 


Lj 


Ql = o 


(Tl = To) 


Exergy flux in: 6-^^ = W = 2 kW 


/ 


Exergy flux out: Ojj = 


T 




1 - 


o 


V 


T 




iij 


Qh= 1- 


V 


298.15 

353.15 




/ 


4 kW = 0.623 kW 


Remark: The process then destroys (2 - 0.623) kW of exergy. 


\ 80°C X 


Q 


H 





T 


\ 


o 
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10.19 

Use the exergy balanee equation to find the effieieney of a steady state Carnot 
heat engine operating between two fixed temperature reservoirs? 


The exergy balanee equation, Eq. 10.36, for this ease looks like 




- W + 0 + 0 




Steady state (LHS = 0 and dV/dt = 0, no mass flow terms, Carnot eyele so 
reversible and the destruetion is then zero. From the energy equation we have 

o = Qh-Ql-w 

whieh we ean subtraet from the exergy balanee equation to get 

T T 

^ o • ^ o • 

0= -^Qh + ^Ql 

Solve for one heat transfer in terms of the other 

Ql = ^ Qh 

The work from the energy equation is 

T 

W = QH-QL = QH[l-f^l 

from whieh we ean read the Carnot eyele effieieney as we found in Chapter 7. 
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10.20 


Find the second law efficiency of the heat pump in problem 10.18. 

The second law efficiency is a ratio of exergies namely what we want out 
divided by what we have to put in. Exergy from first term on RHS Eq. 10.36 


Oh = 




T 


N 


1 - 


o 


V 


T 


w 


Qh; 


QH = pW = 2x2kW = 4kW 


O 


H 




hit 


w 


T 




1 - 


o 


V 


T 


nj 


Qh 

w 


/ 


1 - 


V 


298.15 

353.15 




/ 


4 

2 = 0.31 


\ 80°C X 



Q 


H 



W = 2kW 
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Available Energy, Reversible work 


10.21 


Find the availability of 100 kW delivered at 500 K when the ambient is 300 K. 
Solution: 

The availability of an amount of heat transfer equals the possible work that 
can be extracted. This is the work out of a Carnot heat engine with heat 
transfer to the ambient as the other reservoir. The result is from Chapter 7 as 
also shown in Eq. 10.1 and Eq. 10.36 

• • ^0 • 300 

® = WrevHE = (l-Y)Q = (l-5^)100kW = 40kW 
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10.22 

A control mass gives out 10 kJ of energy in the form of 

a. Eleetrieal work from a battery 

b. Meehanieal work from a spring 

c. Heat transfer at 500°C 

Find the ehange in availability of the control mass for each of the three cases. 


Solution: 


a) Work is availability 

b) Work is availability 


AO = -Wgi = -10 kJ 
AO = -W,pring = -10 kJ 


c) Give the heat transfer to a Carnot heat engine and W is availability 


AO = -[l 


T 


0 


T 


H 


] Qout 1 ■ 


298.15 

773.15 




J 


10 = -6,14 kJ 
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10.23 

A heat engine reeeives 5 kW at 800 K and 10 kW at 1000 K rejeeting energy by 
heat transfer at 600 K. Assume it is reversible and find the power output. How 
mueh power eould be produeed if it eould rejeet energy at = 298 K? 


Solution: 

C.V. The heat engine, this is in steady state. 
Energy Eq.: 0 = Qi + Q 2 -Ql“W 


Qi Q 2 Ql 

Entropy Eq.: 0 = + 0 

^1 ^2 



W 

Ql 


Now solve for Ql from the entropy equation 




600 

800 


X 5 + 


600 

1000 


X 10 = 9.75 kW 


Substitue into the enrgy equation and solve for the work term 


W = Ql + Q 2 - Ql = 5 + 10 - 9.75 = 5.25 kW 
For a low temperature of 298 K we ean get 



= 4.843 kW 


W = Ql + Q 2 - Ql = 5 + 10 - 4.843 = 10.16 kW 


Remark: Notiee the large inerease in the power output. 
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10.24 

The compressor in a refrigerator takes refrigerant R-134a in at 100 kPa, -20°C 
and compresses it to 1 MPa, 40°C. With the room at 20°C find the minimum 
compressor work. 

Solution: 

1 

C.V. Compressor out to ambient. Minimum work in 
is the reversible work. 

Steady flow, 1 inlet and 2 exit 

Energy Eq.: Wg = hj - h 2 + 

Entropy Eq.: S 2 = Sj + /dq/T + Sgg^ = Sj + q^^^/Tg + 0 

=> = Tg(s2 - si) 

Wcmin = hi -h2 + To(S2-Si) 

= 387.22 - 420.25 + 293.15 x (1.7148 - 1.7665) 

= -48.19 kJ/kg 
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10.25 

Find the specific reversible work for a steam turbine with inlet 4 MPa, 500°C and 
an actual exit state of 100 kPa, x = 1.0 with a 25°C ambient. 

Solution: 

Steam turbine = 25°C = 298.15 K 

Inlet state: Table B. 1.3 hj = 3445.2 kJ/kg; Sj = 7.090 kJ/kg K 

Exit state: Table B.1.2 hg = 2675.5 kJ/kg; Sg = 7.3593 kJ/kg K 

From Eq.9.39, 

w''®'' = (hi - TgSi) - (hg - TgSg) = (hi - hg) + To(Sg - Si) 

= (3445.2 - 2675.5) + 298.2(7.3593 - 7.0900) 

= 769.7 + 80.3 = 850.0 kJ/kg 
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10.26 

Calculate the reversible work out of the two-stage turbine shown in Problem 6.82, 
assuming the ambient is at 25°C. Compare this to the aetual work whieh was 
found to be 18.08 MW. 

C.V. Turbine. Steady flow, 1 inlet and 2 exits. 

Use Eq. 10.12 for eaeh flow stream with q = 0 for adiabatie turbine. 

Supply state 1: 20 kg/s at 10 MPa, 500°C 

Proeess steam 2: 5 kg/s, 0.5 MPa, 155°C, 

Exit state 3: 20kPa, x = 0.9 
Table B.1.3: hi= 3373.7, h 2 = 2755.9 kJ/kg, 

Si = 6.5966, S 2 = 6.8382 kJ/kg K 

Table B. 1.2: h 3 = 251.4 + 0.9 x 2358.3 = 2373.9 kJ/kg, 

S 3 = 0.8319 + 0.9 X 7.0766 = 7.2009 kJ/kg K 

= (mihi - rn 2 h 2 - m 3 h 3 ) - To(miSi - 111282 - 111383 ) 

= 20 X 3373.7 - 5 x 2755.9 - 15 x 2373.9 

- 298.15 (20 X 6.5966 - 5 x 6.8382 + 15 x 7.2009) 

= 21.14 MW = = 18084 kW + 3062.7 kW 
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10.27 

A household refrigerator has a freezer at Tp and a eold spaee at Tq from whieh 
energy is removed and rejeeted to the ambient at as shown in Fig. P10.27. 
Assume that the rate of heat transfer from the eold spaee, Q^, is the same as from 

the freezer, Qp, find an expression for the minimum power into the heat pump. 

Evaluate this power when = 20°C, Tp. = 5°C, Tp = -10°C, and Qp = 3 kW. 

Solution: 

C.V. Refrigerator (heat pump). Steady, no 
external flows exeept heat transfer. 

Energy Eq.: Qf + Qc + W = Q^ 

(amount rejeeted to ambient) 



Reversible gives minimum work in as from Eq. 10.1 or 10.9 on rate form. 




• 



r 293.15" 


r 293.15] 

1 - — 
L Tp_ 

+ Qc 

1 - — 
L Tc_ 

= 3 

_ “263.15_ 

+ 3 

_ “278.15_ 


= -0,504 kW (negative so work goes in) 
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10.28 

Find the specific reversible work for a R-134a compressor with inlet state of 
-20°C, 100 kPa and an exit state of 600 kPa, 50°C. Use a 25°C ambient 
temperature. 

Solution: 

This is a steady state flow device for which the reversible work is given by 
Eq.10.9. The compressor is also assumed to be adiabatic so q = 0 


w''®'" = To(Se - Si) - (hg - hi) 

Table B.5.2: ^ = 387.22 kJ/kg; Si = 1.7665 kJ/kg K 

hg = 438.59 kJ/kg; Sg = 1.8084 kJ/kg K 

= 298.15 (1.8084 - 1.7665) - (438.59 - 387.22) = -38.878 kJ/kg 
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10.29 

An air compressor takes air in at the state of the surroundings 100 kPa, 300 K. 
The air exits at 400 kPa, 200°C at the rate of 2 kg/s. Determine the minimum 
eompressor work input. 

C.V. Compressor, Steady flow, minimum work in is reversible work. 

\|/i = 0 at ambient eonditions 

Sq ■ ^2 ^ - Sx^ - R ln(P q/P 2 ) 

= 6.86926 - 7.3303 - 0.287 ln(100/400) = -0.06317 kJ/kg K 
^2 = ^2 - ho + To(so - S 2 ) = 475.79 - 300.473 + 300 (-0.06317) 

= 156.365 kJ/kg 

-WREV = m(y2 - \\fi) = 312.73 kW = 
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10.30 

A steam turbine reeeives steam at 6 MPa, 800°C. It has a heat loss of 49.7 kJ/kg 
and an isentropie efficieney of 90%. For an exit pressure of 15 kPa and 
surroundings at 20°C, find the aetual work and the reversible work between the 
inlet and the exit. 

C.V. Reversible adiabatie turbine (isentropie) 

WT = hj-hgg ; Sg g = Sj = 7.6566 kJ/kg K, hj = 4132.7 kJ/kg 

Xg ^ = (7.6566 - 0.7548)/7.2536 = 0.9515, 

hg, = 225.91 + 0.9515x2373.14 = 2483.9 kJ/kg 

Wt,s = 4132.7 - 2483.9 = 1648.79 kJ/kg 

C.V. Aetual turbine 

Wt ac = = 1483.91 kJ/kg 


” ^e,ac " 


1 


OSS 


he,ac = hi - qioss' WT,ac = 4132.7 - 49.7 - 1483.91 = 2599.1 kJ/kg 


Aetual exit state: P,h 


sat. vap., Sg ac = 8.0085 kJ/kg K 


C.V. Reversible proeess, work from Eq.10.12 


R _ 


q = To(Se,ac - Si) = 293.15 X (8.0085 - 7.6566) = 103.15 


M 

kg 


= hi - hg ac + q'^ = 4132.7 - 2599.1 + 103.16 = 1636.8 kJ/kg 


R_ 
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10.31 

An air compressor receives atmospheric air at Tq = 17°C, 100 kPa, and 
compresses it up to 1400 kPa. The compressor has an isentropic efficiency of 
88 % and it loses energy by heat transfer to the atmosphere as 10% of the 
isentropic work. Find the actual exit temperature and the reversible work. 

C.V. Compressor 

Isentropic: w,in, = hg,-hi ; s^, = Si 
From table A.7.1 and entropy equation we get 

4e s = 4i + R In (VPi) = 6.83521 + 0.287 ln(14) = 7.59262 
Back interpolate in Table A.7: ^ hg ^ = 617.23 kJ/kg 

Wc,in,s = 617.23 - 290.43 = 326.8 kJ/kg 
Actual: Wg i^^^g = Wg in,s/Tlc = 371.36 ; = 32.68 kJ/kg 

w • + h = h + Qi 

'^'^c,in,ac 1 e,ac Hloss 

=> = 290.43 + 371.36 - 32.68 = 629.1 kJ/kg 

=> Te,ac = 621 K 

Reversible: w''®'' = h; - hg^^g + TgCSg^^g - Sj) 

= 290.43 - 629.1 + 290.15 x (7.6120 - 6.8357) 

= -338.67 + 225.38 = -113.3 kJ/kg 

Since qi^g^ is also to the atmosphere it is the net q exchanged with the ambient 
that explains the change in s. 
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10.32 

Air flows through a constant pressure heating device, shown in Fig. PI0.32. It is 
heated up in a reversible proeess with a work input of 200 kJ/kg air flowing. The 
deviee exehanges heat with the ambient at 300 K. The air enters at 300 K, 400 
kPa. Assuming eonstant speeifie heat develop an expression for the exit 
temperature and solve for it by iterations. 

C.V. Total out to Tq 

Energy Eq.; hj + qg®'' - = h 2 

Entropy Eq.; Sj + qJ^fVTg = S 2 ^ = To(s 2 - Sj) 


h 2 - hj = To(s 2 - Sj) - w’^®'' (same as Eq. 10.12) 

Constant Cp gives: Cp(T 2 - Tj) = TgCp In (T 2 /Tj) + 200 
The energy equation beeomes 



Ti = 300 K, Cp = 1.004 kJ/kg K, Tg = 300 K 


T 2 200 

T2-3001n(^) = 300 + Y;^ 


004 


= 499.3 K 


Now trial and error on T 2 

At 600 K LHS = 392 (too low) 

At 800 K LHS = 505.75 

Linear interpolation gives T 2 = 790 K (LHS = 499.5 OK) 
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10.33 

A piston/cylinder has forces on the piston so it keeps eonstant pressure. It 
eontains 2 kg of ammonia at 1 MPa, 40°C and is now heated to 100°C by a 
reversible heat engine that reeeives heat from a 200°C souree. Find the work out of 
the heat engine. 


C.V. Ammonia plus heat engine 

Energy: m^^(u 2 - Uj) = iQ2,2oo ' Wh.e. ' iW 2 ,pist 
Entropy: - Sj) = iQ 2 /Tres + 0 

=> iQ2 = m3jS2-Si)Tres 

Proeess: P = eonst. ^ jW 2 = P(v 2 - Vi)mjjjjj 

Substitute the piston work term and heat transfer 
into the energy equation 

Wh.E. = mam(S2 - Sl)Tres ' ' ^i) 



Table B.2.2: hj = 1508.5 kJ/kg, Sj = 5.1778 kJ/kg K, 

h2 = 1664.3 kJ/kg, S 2 = 5.6342 kJ/kg K 


Wre. = 2 X [(5.6342 - 5.1778)473.15 - (1664.3 - 1508.5)] = 120.3 kJ 
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10.34 

A rock bed consists of 6000 kg granite and is at 70°C. A small house with lumped 
mass of 12000 kg wood and 1000 kg iron is at 15°C. They are now brought to a 
uniform final temperature with no external heat transfer by connecting the house 
and rock bed through some heat engines. If the process is reversible, find the final 
temperature and the work done in the process. 

Solution: 


Take C.V. Total (rockbed and heat engine) 
Energy Eq.: 


mrock(U2 - ui) + m^ood(u2 - ui) + mpg(U2 - Ui) = - 1 W 2 


Entropy Eq.: 


mrock(S 2 - Si) + m 


WOO 


d(S2 - Si) + mpg(S2 - Sj) = 0 


^2 ^2 ^2 
(mC)rockln + (mC)^oodln ^ + (mC)peln = 0 


6000 X 0.89 In (T2/343.15) + 12000 x 1.26 In (T 2 / 288 .I 5 ) 


+ 1000 X 0.46 In (T 2 / 288 .I 5 ) = 0 


=> 


T2 = 301.3 K 


Now from the energy equation 


- 1 W 2 = 6000 X 0.89(301.3 - 343.15) 


+ (12000 X 1.26 + 460)(301.3 - 288.15) 


1 


W 2 = 18 602 kJ 
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10.35 

An air flow of 5 kg/min at 1500 K, 125 kPa goes through a constant pressure heat 
exchanger, giving energy to a heat engine shown in Figure P10.3 5. The air exits 
at 500 K and the ambient is at 298 K, 100 kPa. Find the rate of heat transfer 
delivered to the engine and the power the engine can produce. 

Solution: 

C.V. Heat exchanger 

• • 

Continuity eq.: = m 2 ; 

• • 

Energy Eq.6.12: m^hi = mih 2 + 

Table A.7.1: h^ = 1635.8 kJ/kg, 
h2 = 503.36 kJ/kg, si = 8.61209 
S2 = 7.38692 kJ/kg K 

• • 5 ks kJ 

Qh = m(hi - h 2 ) = (1635.8 - 503.36) ^ = 94.37 kW 

C.V. Total system for which we will write the second law. 

• • • • 

Entropy Equation 9.8: m s j + Sgg„ = m S 2 + Ql/Tq 

Process: Assume reversible Sggj^ = 0, and P = C for air 

• • 5 kg kJ 

Ql = To m (Si - S 2 ) = 298 K ^^ (8.61209 - 7.38692) ^ 

= 30.425 kW 

Energy equation for the heat engine gives the work as 

W = Qh - Ql = 94.37 - 30.425 = 63.9 kW 
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Irreversibility 

10.36 

Calculate the irreversibility for the eondenser in Problem 9.53 assuming an 
ambient temperature at 17°C. 

Solution: 

C.V. Condenser. Steady state with no shaft work term. 

• • • 

Energy Equation 6.12: mhj + Q = mh^ 

• • • • 

Entropy Equation 9.8: m Sj + Q/T + Sggjj - m Sg 

Properties are from Table B.1.2 

h- = 225.91 + 0.9 X 2373.14 = 2361.74 kJ/kg , h^= 225.91 kJ/kg 

S; = 0.7548 + 0.9 X 7.2536 = 7.283 kJ/kg K, s^ = 0.7548 kJ/kg K 

1 ^ 

From the energy equation 

Qout = -Q = m (hj - hg) = 5(2361.74 - 225.91) = 10679 kW 

From the entropy equation 

Sgen = m (Sg “ + QouA = 5(0.7548 - 7.283) + 10679/(273 + 17) 

= -35.376 + 36.824 = 1.448 kW/K 
From Eq.10.11 times m, 

i = To Sge„ = 290 X 1.448 = 419.9 kW 
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10.37 

A constant pressure piston/eylinder contains 2 kg of water at 5 MPa and 100°C. 

Heat is added from a reservoir at 700°C to the water until it reaehes 700°C. We 
want to find the total irreversibility in the proeess. 


Solution: 

C.V. Piston eylinder out to the reservoir (inel. the walls). 


Energy Eq.: m(u 2 - uj) = 1 Q 2 - 1 W 2 
Entropy Eq.: m(s 2 - Si) = iQ 2 /Tres + 1 S 2 gen 
State 1: hj = 422.71 kJ/kg, sj = 1.303 kJ/kg K 
State 2: h 2 = 3900.13 kJ/kg, S 2 = 7.5122 kJ/kg K 
Proeess: P = C => iW 2 = P(V 2 -Vi) 



From the energy equation we get 

1 Q 2 = m(u 2 - ui) + 1 W 2 = m(h 2 - h^) = 2(3900.13 - 422.71) = 6954.8 kJ 


From the entropy equation we get 


1^2 gen ^(^2 " ®l) "p 


1Q2 


res 


6954 8 

2(7.5122 - 1.303) - ^.^3 ^ 


= 5.2717 


U 

K 


Now the irreversibility is from Eq. 10.19 


kJ 


1 I 2 = m ii 2 = To 1 S 2 gen = 298.15 K x 5.2717 ^ = 1572 kJ 
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10.38 

Calculate the reversible work and irreversibility for the proeess deseribed in 
Problem 5.97, assuming that the heat transfer is with the surroundings at 20°C. 
Solution: 



Linear spring gives 

lW2 = /PdV = |(Pl+P2)(V2-Vi) 

1Q2 = m(u 2 - ui) + 1W2 
Equation of state: PV = mRT 


State 1: Vi = mRTi/Pi = 2 x 0.1889 x 673.15 /500 = 0.5087 m^ 
State 2: V 2 = mRT 2 /P 2 = 2 x 0.1889 x 313.15 /300 = 0.3944 m^ 


1 W 2 = ^500 + 300)(0.3944 - 0.5087) = -45.72 kJ 

From Figure 5.11: Cp(Tavg) = 5.25 R = 0.99 ^ Cy = 0.803 = Cp - R 
For eomparison the value from Table A.5 at 300 K is Cy = 0.653 kJ/kg K 


1 Q 2 = mCy(T2 - Ti) + 1 W 2 = 2 X 0.803(40 - 400) - 45.72 = -623.9 kJ 


= T„(S2 - Si) - (U 2 - Ui) + 1 Q 2 (1 - To/Th) 

= Tom(S2-Si)+ iW2‘'-iQ2VTo 

= Tom[Cp ln(T 2 / Tj) - R ln(P 2 / Pi)] + 1 W 2 ' - 1 Q 2 

= 293.15 X 2 [ 0.99 ln(313/673) - 0.1889 ln(300/500)] - 45.72 + 623.9 
= -387.8 - 45.72 + 623.9 = 190.4 kJ 

ih = - iW^^" = 190.4 - (-45.72) = 236.1 kJ 
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10.39 

A supply of steam at 100 kPa, 150°C is needed in a hospital for cleaning purposes 
at a rate of 15 kg/s. A supply of steam at 150 kPa, 250°C is available from a 
boiler and tap water at 100 kPa, 15°C is also available. The two sources are then 
mixed in a mixing chamber to generate the desired state as output. Determine the 
rate of irreversibility of the mixing process. 


C.V. Mixing chamber, Steady flow 

• • • 

Continuity Eq.: mj + m 2 = m 3 

_ _ • • • 

Energy Eq.: mjEi + m 2 h 2 = m 3 h 3 

_ _ • • • • 

Entropy Eq.: mjSj + m 2 S 2 + Sgg^ = m 3 S 3 

Table properties 

B.1.1: hj = 62.99 kJ/kg, Sj = 0.2245 kJ/kg K 
B.1.3: h 2 = 2972.7 kJ/kg, S 2 = 7.8437 kJ/kg K 

B.1.3: h 3 = 2776.4 kJ/kg, S 3 = 7.6133 kJ/kg K 


From the energy equation we get 


1112/1113 = (h 3 - hi)/(h 2 - hj) 


2776.4 - 62.99 
2972.7 - 62.99 


0.9325 


m 2 = 13.988 kg/s, mj = 1.012 kg/s 


From the entropy equation we get 

i = ToSggn = To(m3S3 - liiiSi -111282) 

= 298.15 X (15 X 7.6133 - 1.012 x 0.2245 - 13.988 x 7.8437) 

= 1269 kW 


1 





2 




MIXING 


'll? 


CHAMBER 


3 
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10.40 

The throttle proeess in Example 6.5 is an irreversible proeess. Find the reversible 
work and irreversibility assuming an ambient temperature at 25 °C. 

Solution: 

C.V. Throttle. Steady state, adiabatie q = 0 and no shaft work w = 0. 

Inlet state: B.2.1 h; = 346.8 kJ/kg; sj = 1.2792 kJ/kg K 

Energy Eq.6.13: hg = hi 

Exit state: B.2.1 P = 291kPa, hg = hi whieh is two-phase 

Sg = Sf + xsfg = 0.5408 + 0.1638 x 4.9265 = 1.3478 kJ/kg K 

The reversible work is the differenee in availability also equal to the 
expression in Eq.10.9 or 10.36 and 10.37 

w''®'' = Vi - Ve = (hi - TgSi) - (hg - TgSg) = (hi - hg) + T^Csg - Si) 

= 0 + 298.15 (1.2792 - 1.3478) = 20.45 kJ/kg 
i = - w = 20.45 - 0 = 20.45 kJ/kg 
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10.41 

Two flows of air both at 200 kPa of equal flow rates mix in an insulated mixing 
ehamber. One flow is at 1500 K and the other is at 300 K. Find the irreversibility 
in the proeess per kilogram of air flowing out. 

C.V. Mixing ehamber 

__ • • • • 

Continuity Eq..: mj + m 2 = m 3 = 2mi 

Energy Eq.: mjhj + mih 2 = 2 mjh 3 

—_ —_ • • • • 

Entropy Eq.: mjSj + mjS 2 + Sggjj = 2 mjS 3 

Properties from Table A. 7 

h 3 = (hi + h2)/2 = (300.473 + 1635.8)/2 = 968.14 kJ/kg 

^ St 3 = 8.0474 kJ/kg K 

From the entropy equation 

Sggn/2mi = S 3 - (si + S2)/2 = 8.0474 - (6.86926 + 8.61208)/2 

= 0.30673 kJ/kg K 

i = i/2mi = T Sggn/2mi = 298.15 x 0.30673 = 91.45 kJ/kg 



A 


T 


200 kPa 


2 


1 
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10.42 

Fresh water ean be produeed from saltwater by evaporation and subsequent 
eondensation. An example is shown in Fig. PI0.42, where 150-kg/s saltwater, 
state 1, eomes from the eondenser in a large power plant. The water is throttled to 
the saturated pressure in the flash evaporator and the vapor, state 2, is then 
eondensed by eooling with sea water. As the evaporation takes plaee below 
atmospherie pressure, pumps must bring the liquid water flows baek up to Pq. 
Assume that the saltwater has the same properties as pure water, the ambient is at 
20°C and that there are no external heat transfers. With the states as shown in the 
table below find the irreversibility in the throttling valve and in the eondenser. 


8 

20 

83.96 
0.2966 

C.V. Valve. P2 = Psat(T2 = T3) = 3.169 kPa 

• • • 

Continuity Eq.; m^ = mg^ = m2 + m3 

Energy Eq.: hj = hg ; Entropy Eq.: Si + Sgg„ = Sg 

hg = hi ^ Xg = (125.77 - 104.87)/2442.3 = 0.008558 

^ Sg = 0.3673 + 0.008558 x 8.1905 = 0.4374 kJ/kg K 
m2 = (1 - Xg)mi = 148.716 kg/s 
Sgen = Se - Si = 0.4374 - 0.4369 = 0.000494 kJ/kg K 
i = mToSggn = 150 X 293.15 X 0.000494 = 21.72 kW 
C.V. Condenser. 

__ • • • • 

Energy Eq.: 1112^2 niyhy = rn2h5 + m^hg ^ 

m? = m2 X (h2 - hjVChg - hy) = 148.716 x 33 95 . 37 = 28 948 ^ 

_ _ • • • • • 

Entropy Eq.: m2S2 + mySy + Sgg^ = m2S5 + mySg 

i = ToSggn = Tq [m2(s5 - S2) + rn7(sg - Sy)] 

= 293.15[148.716(0.3392 - 8.558) + 28948(0.2966 - 0.2535)] 

= 293.15 X 25.392 = 7444 kW 


State 


1 


2 


r[°c] 


30 


s [kJ/kg K] 0.4369 


25 


h[kJ/kg] 125.77 2547.2 


8.558 


3 


4 


5 


6 


7 


25 


23 

96.5 


17 

71.37 


0.3392 


0.2535 
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10.43 

Calculate the irreversibility for the proeess deseribed in Problem 6.133, assuming 
that heat transfer is with the surroundings at 17°C. 

Solution: 


C.V. Cylinder volume out to Tq = 17 ‘^C. 

Continuity Eq.6.15: m 2 - m^ = mj^ 

Energy Eq.6.16: m2U2 - miui = minhune + 1Q2 - 1W2 


Entropy Eq.9.12: m 2 S 2 - mjSj = miSi + 1 Q 2 / Tq + iS 2 gen 

Proeess: Pj is eonstant to stops, then eonstant V to state 2 at P 2 


State 1: Pi, 


300 x 0.25 

~RTi “0.287 X 290.2 


= 0.90 kg 


State 2: 

Open to P 2 = 400 kPa, T 2 = 350 K 

400 X 1 

0.287 X 350“^-^^^ 
mi = 3.982 -0.90 = 3.082 kg 


Only work while eonstant P 

1 W 2 = Pi(V 2 - Vi) = 300(1 - 0.25) = 225 kJ 

Energy eq.: 

1Q2 = m2U2 - miui + 1W2 - mihi 

= 3.982 X 0.717 X 350 - 0.90 x 0.717 x 290.2 + 225 
-3.082 X E004 X 600 =-819.2 kJ 
Entropy eq. gives 

To 1 S 2 gen = I = To [ mi (S2 - + mi (S2 - Si)] - 1 Q 2 



= 290.15[0.9(Cpln 


350 

290 



) + 3.082(Cpln 


350 

600 



-(-819.2 kJ) 

= 290.15 (0.0956 - 1.4705) + 819.2 

= 420.3 kJ 
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10.44 

A 2-kg piece of iron is heated from room temperature 25°C to 400°C by a heat 
source at 600°C. What is the irreversibility in the process? 

Solution: 

C.V. Iron out to 600°C source, which is a control mass. 

Energy Eq.: mpg(u 2 - Uj) = 1 Q 2 - 1 W 2 

Entropy Eq.: mpg(s 2 - Sj) = iQ 2 /Tres + 1 S 2 gen 

Process: Constant pressure => 1 W 2 = Pmpg(v 2 - Vj) 

^ 1 Q 2 = mpg(h 2 - hi) = mpgC(T 2 - Tj) = 2 x 0.42 x (400 - 25) = 315 kJ 


1^2 gen ~ l^Fe(®2 ‘ ^l) ‘ iQl^^res ~ (T 2 /T 1 ) - iQ 2 /Tjgg 


= 2 X 0.42 X In 


673.15 315 

298.15'873.15 


= 0.3233 kJ/K 


1 I 2 = To ( 1 S 2 gen) = 298.15 X 0.3233 = 96.4 kJ 



A real flame may be more than 
600°C, but a little away from it where 
the gas has mixed with some air it 
may be 600°C. 
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10.45 

Air enters the turboeharger eompressor (see Fig. PI0.45), of an automotive engine 
at 100 kPa, 30°C, and exits at 170 kPa. The air is eooled by 50°C in an intereooler 
before entering the engine. The isentropie effreieney of the eompressor is 75%. 
Determine the temperature of the air entering the engine and the irreversibility of 
the eompression-eooling proeess. 

Solution: 


a) Compressor. First ideal whieh is reversible adiabatie, eonstant s: 




= 352.9 K 


ws = Cpo(Ti - T 2 s) = 1.004(303.2 - 352.9) = -49.9 kJ/kg 

Now the aetual eompressor 

w = Wg/ris = -49.9/0.75 = -66.5 kJ/kg = Cp(Ti - T 2 ) 

^ T 2 = 369.5 K 

T 3 (to engine) = T 2 - ATjj^jprj-qqler = 369.5 - 50 

= 319.5 K = 46.3°C 

b) Irreversibility from Eq.10.13 with rev. work from Eq.10.12, (q = 0 at T^) 


S 3 - Sj = 1.004 ln| 


319.4 

303.2 


- 0.287 In 


/ 


170 

100 


= - 0.1001 


kJ 




kgK 


i = T(S3 - Si) - (h3 - hi) - W = T(S3 - Si) - Cp(T3 - Ti) - Cp(Ti - T2) 

= 303.2(-0.1001) - 1.004(-50) = +19.8 kJ/kg 
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10.46 

A 2-kg/s flow of steam at 1 MPa, 700°C should be brought to 500°C by spraying 
in liquid water at 1 MPa, 20°C in an steady flow. Find the rate of irreversibility, 
assuming that surroundings are at 20°C. 

C.V. Mixing ehamber. Steady flow. State 1 is superheated vapor in, state 2 is 
eompressed liquid in, and state 3 is flow out. No work or heat transfer. 

• • • 

Continuity Eq.6.9: m 3 = m^ + m 2 

• • • 

Energy Eq.6.10: m 3 h 3 = m^hj + m 2 h 2 

• • • • 

Entropy Eq.9.7: m 3 S 3 = m^Sj + m 2 S 2 + Sgg^^ 

Table B.1.3: hj = 3923.1 kJ/kg, Sj = 8.2731 kJ/kg K, 

h 3 = 3478.5 kJ/kg, S 3 = 7.7622 kJ/kg K, 

For state 2 interpolate between, saturated liquid 20°C table B.1.1 and, 
compressed liquid 5 MPa, 20°C from Table B. 1.4: h 2 = 84.9, S 2 = 0.2964 

X = m2/mi = (h3 - hj)/(h2 - h3) = 0.13101 

^ m 2 = 2x 0.131 = 0.262 kg/s ; m 3 = 2 + 0.262 = 2.262 kg/s 

Sggu = m 3 S 3 - m^Sj - m 2 S 2 = 0.9342 kW/K 

i = = ToSggn = 293.15 X 0.9342 = 273.9 kW 
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10.47 


A car air-conditioning unit has a 0.5-kg aluminum storage cylinder that is sealed 
with a valve and it eontains 2 L of refrigerant R-134a at 500 kPa and both are at 
room temperature 20°C. It is now installed in a ear sitting outside where the whole 
system eools down to ambient temperature at -10°C. What is the irreversibility of 
this proeess? 

C.V. Aluminum and R-134a 


Energy Eq.: 
Entropy Eq.: 


mAi(u 2 - Ui)ai + mR(u 2 - Ui)r = 1Q2 - 1W2 (1W2 = 0 ) 


I^Al(S2 ■ Si)a 1 + niR(S2 " Si)r - 1Q2/T0 + 1S2 


gen 


(U2 - Ui)ai = C^,ai(T 2 - Ti) = 0.9(-10 - 20) = - 27 kJ/kg 

(S 2 - Si)ai = Cp A1 ln(T 2 /Ti) = 0.9 ln(263.15/293.15) = -0.09716 kJ/kg K 

Table B.5.2: Vj = 0.04226 m^/kg, Uj = 390.5 kJ/kg, 


Si = 1.7342 kJ/kgK, 


mRi 34 a = V/vi = 0.0473 kg 


1 


V 2 = vi = 0.04226 & T 2 => X 2 = (0.04226- 0.000755)70.09845 = 0.4216 
U 2 = 186.57 + 0.4216x185.7 = 264.9 kJ/kg, 

S 2 = 0.9507 + 0.4216x0.7812 = 1.2801 kJ/kg K 
1 Q 2 = 0.5 X (-27) + 0.0473(264.9 - 390.5) = - 19.44 kJ 

19 44 

S 2 gen = 0.5 (-0.09716)+ 0.0473(1.2801 - 1.7342)+ ^^^= 0.003815 kJ/K 
1 I 2 = To (iS2gen ) = 263.15 X 0.003815 = 1.0 kJ 
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10.48 

The high-temperature heat souree for a eyelie heat engine is a steady flow heat 
exehanger where R-134a enters at 80°C, saturated vapor, and exits at 80°C, 
saturated liquid at a flow rate of 5 kg/s. Heat is rejeeted from the heat engine to a 
steady flow heat exehanger where air enters at 150 kPa and ambient temperature 
20°C, and exits at 125 kPa, 70°C. The rate of irreversibility for the overall proeess 
is 175 kW. Caleulate the mass flow rate of the air and the thermal effieieney of 
the heat engine. 


C.V. R-134a Heat Exehanger, 

^Rl 34 a ^ 5 kg/s. Table B.5.1 
Inlet: T^ = 80‘^C, sat. vapor xj = 1.0, 

hi =hg = 429.189 kJ/kg, 

51 = Sg = 1.6862 kJ/kg-K 
Exit: T 2 = 80‘^C, sat. liquid X 2 = 0.0 

h 2 = hf= 322.794 kJ/kg, 

5 2 = Sf = 1.3849 kJ/kg-K 

C.V. Air Heat Exehanger, Cp = 1.004 kJ/kg-K, R = 0.287 kJ/kg-K 

Inlet: T 3 = 20OC, P 3 = 150kPa Exit: T 4 = 70OC, P 4 = 125 kPa 

T P 

S 4 - S 3 = Cp In (“ ) - R ln( ~ ) = 0.2103 kJ/kg-K 

2^^ Law for the total system as eontrol volume (sinee we know I): 

• • 

I — Tq ~ ^R134a (^2 " ^l) ^air(^4 " ^ 3 ) 

l^air = [i - mRi34a (S 2 - Si)]/(S 4 - S 3 ) = 10.0 kg/s 

j • • • 

l^’-Law for eaeh line: Q + ihhin = mhgx + W; W = 0 

R-134a: 1 Q 2 = -Qh “iRl34a(h2 ■ ^i) = -532 kW 

Air: Ql = 3 Q 4 = ^aiA 4 ' ^ 3 ) = ^air Cp(T 4 - T 3 ) = 501.8 kW 

Control volume heat engine 

Wnet = Qh - Ql = 532 -501.8 = 30.2 kW; 

Eth ^ ^net ! Qh ^ 0,057, or 5,7% 




















Sonntag, Borgnakke and van Wylen 


10.49 

A rigid container with volume 200 L is divided into two equal volumes by a 
partition. Both sides eontains nitrogen, one side is at 2 MPa, 300°C, and the other 
at 1 MPa, 50°C. The partition ruptures, and the nitrogen eomes to a uniform state 
at 100°C. Assuming the surroundings are at 25°C find the actual heat transfer and 
the irreversibility in the proeess. 

Solution; 

C.V. Total eontainer 

Continuity Eq.: m 2 - m^ - mg = 0 


Energy Eq.; 


■ ^i)a ■ ^i)b ~ 1Q2 ■ 1^2 


Entropy Eq.; 
Process; 


I^a(S2 ■ Si)a + niB(S2 ■ Si)b “ lQ2/Tsur + l^s gen 


V = C => 1 W 2 = 0 


From the initial state we get the mass as 


Al''A ^Bl^B 
mT = m^ + mn = — + 


P.,V 


B 


RT 


A1 


RT 


B1 


2000 x0.1 


1000 x 0.1 


0.2968x573.15 ^ 0.2968x323.15 


= 1.176+ 1.043 = 2.219 



P 2 = m 2 RT 2 /Vtot = 2.219 x 0.2968 x 373.15/0.2 = 1228.8 kPa 

From the energy equation we get the heat transfer as the ehange in U 

1Q2 ^ ’^aCv(T2 - Ti)a + mgC.y(T2 - Tj)q 


= 1.176 X 0.745 X (100 - 300) + 1.043 x 0.745 x (100 - 50) 

= -136.4 kJ 


The entropy ehanges are found from Eq.8.25 

373 15 1228 8 

(S 2 - Si)a = 1.042 X - 0.2968 x In yggg 


-0.09356 kJ/kg K 


(S 2 - Si)g = 1.042 X In 


373.15 

323.15 


1228 8 

- 0.2968 X I n = 0.0887 kJ/kg K 


The entropy generation follows from the entropy equation 

iS 2 ,gen = 1-176X (-0.09356) + 1.043X 0.0887 + 136.4/298.15 = 0.4396 kJ/K 
Now the irreversibility eomes from Eq. 10.19 

1^2 ~ Tq X 1S2 gen ~ 131.08 kJ 
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10.50 

A rock bed consists of 6000 kg granite and is at 70°C. A small house with lumped 
mass of 12000 kg wood and 1000 kg iron is at 15°C. They are now brought to a 
uniform final temperature by circulating water between the rock bed and the 
house. Find the final temperature and the irreversibility of the process, assuming 
an ambient at 15°C. 

C.V. Total Rockbed and house. No work, no Q irreversible process. 

Energy Eq.: (mC)rock(T 2 - 70) + (mC^ood + mCFe)(T 2 - 15) = 0 

To = 29.0°C = 302.2 K 


Entropy Eq.: S 2 - Sj = X“^i(s 2 - Si)i = 0 + 



^mj(s 2 - Si)i = 5340 In 


302.2 

343.15 


+ 15580 In 


302.2 

288.15 


= 63.13 kJ/K 




= 288.15 X 63.13 = 18191 kJ 
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Availability (exergy) 


10.51 


A steady stream of R-22 at ambient temperature, 10°C, and at 750 kPa enters a 
solar eolleetor. The stream exits at 80°C, 700 kPa. Caleulate the ehange in 
availability of the R-22 between these two states. 

Solution: 




inlet 


SOLAR COLLECTOR 


exit 



Inlet (T,P) Table B.4.1 (liquid): hj = 56.46 kJ/kg, Sj = 0.2173 kJ/kg K 

Exit (T,P) Table B.4.2 (sup. vap.): hg = 305.91 kJ/kg, Sg = 1.0761 kJ/kg K 
From Eq. 10.24 or 10.37 

A\|/ig = Ve - Vi = (he - hi) - To(Sg - Si) = (305.912 - 56.463) 

- 283.2(1.0761 - 0.2173) = 6.237 kJ/kg 
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10.52 

Consider the springtime melting of iee in the mountains, whieh gives eold water 
running in a river at 2°C while the air temperature is 20°C. What is the 
availability of the water relative to the temperature of the ambient? 

Solution: 

y = hj - hQ - Tq(si - Sq) flow availability from Eq. 10.24 

Approximate both states as saturated liquid from Table B.1.1 

V = 8.392 - 83.96 - 293.15(0.03044 - 0.2966) = 2.457 kJ/kg 

Why is it positive? As the water is brought to 20°C it ean be heated with qL 
from a heat engine using qjj from atmosphere Tjj = Tq thus giving out work. 
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10.53 

A geothermal souree provides 10 kg/s of hot water at 500 kPa, 150°C flowing 
into a flash evaporator that separates vapor and liquid at 200 kPa. Find the three 
fluxes of availability (inlet and two outlets) and the irreversibility rate. 

C.V. Flash evaporator ehamber. Steady flow with no work or heat transfer. 


Cont. Eq.; 
Energy Eq.: 
Entropy Eq.: 


ihi = m2 + m3 ; 

• • • 

mjhj = m2h2 + m3h3 
• • • • 

mjsi + Sgen = m2S2 + m3S3 



B.1.1: ho = 104.87, So = 0.3673, hi = 632.18, sj = 1.8417 

B.1.2: h 2 = 2706.63, S 2 = 7.1271, h 3 = 504.68, S 3 = 1.530 


hi = xh 2 + (1 - x) h 3 => X = m 2 /mi = = 0.0579 


m 2 = xmi = 0.579 kg/s 


h 2 -h 3 
m 3 = (l-x)mi = 9.421 kg/s 


Sgen = 0.579 x 7.1271 + 9.421 x 1.53 - 10 x 1.8417 = 0.124 kW/K 


Flow availability Eq. 10.22: \|/ = (h - TqS) - (ho - ToSo) = h - ho - To(s - So) 
vKi = 632.18 - 104.87 - 298.15 (1.8417 - 0.3673) = 87.72 kJ/kg 
V2 = 2706.63 - 104.87 - 298.15 (7.1271 - 0.3673) = 586.33 kJ/kg 
\|f3 = 504.68 - 104.87 - 298.15 (1.53 - 0.3673) = 53.15 kJ/kg 

mi \|/l = 877.2 kW 1112^2 = 339.5 kW 1113^3 = 500.7 kW 
• • • • 

1 = mi \|/i - m 2 \|/2 - rn 3\|/3 = 37 kW 
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10.54 

Find the availability at all 4 states in the power plant of Problem 9.42 with an 
ambient at 298 K. 

Solution: 

Flow availability from Eq. 10.24 negleeting kinetie and potential energy is: 

V = h - ho - To(s - So) 
so we need (h,s) for all four states. 



Pj = P 4 = 20 MPa, Ti = 700 °C 

hi = 3809.1 kJ/kg, 

Si = 6.7993 kJ/kg K 

P 2 = P 3 = 20 kPa, T 3 = 40 °C 

State 3: (P, T) Comp, liquid, 
take sat. liquid Table B.1.1 
h 3 = 167.5 kJ/kg, 

V 3 = 0.001008 m^/kg 


C.V. Turbine. 

Entropy Eq.9.8: 

Table B. 1.2 So 


S 2 = Si = 6.7993 kJ/kg K 
= 0.8319 + X 2 X 7.0766 => 



0.8433 


h 2 = 251.4 + 0.8433X 2358.33 = 2240.1 kJ/kg 

wt = hi - h 2 = 3809.1 - 2240.1 = 1569 kJ/kg 

CV. Pump, property relation in Eq.9.13 gives work from Eq.9.18 as 

wp = - V 3 ( P 4 - P 3 ) = -0.001008(20000 - 20) = -20.1 kJ/kg 

h 4 = h 3 - wp = 167.5 +20.1 = 187.6 kJ/kg 

Flow availability from Eq. 10.24 and notiee that sinee turbine work and pump 
work are reversible they represent also ehange in avalability. 

\^l = hi - ho - To(si - So) = 3809.1 - 104.87 - 298 (6.7993 - 0.3673) 

= 1787.5 kJ/kg 

v |/2 = h 2 - ho - To(s 2 - So) = Vi - Wp = 1787.5 - 1569 = 218.5 kJ/kg 


V 3 = h 3 - ho - To(s 3 - So) = 167.5 - 104.87 - 298(0.5724 - 0.3673) 
= 1.51 kJ/kg 

v |/4 = h 4 - ho - To(s 4 - So) = \|/3 - Wp = 1.51 +20.1 = 21.61 kJ/kg 
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10.55 

Air flows at 1500 K, 100 kPa through a constant pressure heat exehanger giving 
energy to a heat engine and eomes out at 500 K. What is the constant temperature 
the same heat transfer should be delivered at to provide the same availability? 
Solution: 


C.V. Heat exehanger 

• • 

Continuity eq.: m^ = m 2 ; 

• • • 

Energy Eq.6.12: m^hi = mih 2 + Qh 

Table A.7.1: h^ = 1635.8 kJ/kg, 
h2 = 503.36 kJ/kg, si = 8.61209 kJ/kg K 
S2 = 7.38692 kJ/kg K 



^ Ambient \ 


Oout = hi - h 2 = 1635.8 - 503.36 = 1132.4 kJ/kg 

Availability from heat transfer at T: A\|/ = (1 



Oout ¥ 1 ■ V2 


Eq.10.37: \|/i - V 2 = hi - h 2 - Tq ( si - S 2 ) 

= 1132.4-298.15 (8.6121 -7.38692) 
= 1132.4-356.3 =767.1 kJ/kg 
T 

1 -:^= (¥1 -¥2)/qout = 767.1 / 1132.4 = 0.6774 


T 

= 0.3226 => Th = 924K 

Ir ^ 
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10.56 


Calculate the ehange in availability (kW) of the two flows in Problem 9.61. 


Solution: 


The two flows in the heat exehanger 
exehanges energy and thus also exergy 
(availability). Fist find state 4 
Air A.7: hj = 1046.22, hj = 401.3 kJ/kg, 


4 


1 air 




2 


3 water 


s.pi = 8.1349, s.p 2 = '^-1593kJ/kgK 

Water B.1.1: h 3 = 83.94 kJ/kg, S 3 = 0.2966 kJ/kg K 

Energy Eq. 6 .10: liiAiRAhAiR = mH 20 ^hH 20 

h 4 - h 3 = (mAiR/mH 2 o)(hi - ^ 2 ) = (2/0.5)644.92 = 2579.68 kJ/kg 


h 4 = h 3 +2579.68 = 2663.62 < hg at200kPa 

T4 = Tsat= 120.23°C, 

X 4 = (2663.62 - 504.68)/2201.96 = 0.9805, 


S 4 = 1.53 + X 4 5.597 = 7.01786 kJ/kg K 

We eonsider eaeh flow separately and for eaeh flow availability is Eq. 10.24, 
inelude mass flow rate as in Eq. 10.36, use Tq = 20 C 

For the air flow: 

• • 

mi(Vi - \|/2 ) = mi [ hi - h 2 - To ( Si - S 2 ) ] 

125 

= 2 [ 1046.22 - 401.3 - 293.2(8.1349 - 7.1593 - 0.287 Iny^)] 

= 2 (644.92 - 267.22 ) = 755.4 kW 

For the water flow: 

• • 

m3(\|/4 - V 3 ) = m 3 [ h 4 - h 3 - To ( S 4 - S 3 ) ] 


= 0.5 [ 2663.62 - 83.94 - 293.2(7.01786 - 0.2966)] 
= 0.5[ 2579.68 - 1970.7 ] = 304.7 kW 
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10.57 

Nitrogen flows in a pipe with veloeity 300 m/s at 500 kPa, 300°C. What is its 
availability with respeet to an ambient at 100 kPa, 20°C? 

Solution: 

From the availability or exergy in Eq. 10.24 
v|/ = h, - ho + (l/2)vi - To(s, - So) 

= C/T, - T„) + ( 1/2)V; - To[Cp ln(F). R l„(n) ] 

300^ ( (513 15^ f'SOO'l'l 

= 1.042(300 - 20) + 293.15[l.042 ln[^J - 0.2968 ln[y^JJ 

= 272 kJ/kg 

Notiee that the high veloeity does give a signifleant eontribution. 



Sonntag, Borgnakke and van Wylen 


10.58 

A steady combustion of natural gas yields 0.15 kg/s of products (having 
approximately the same properties as air) at 1100°C, 100 kPa. The products are 
passed through a heat exchanger and exit at 550°C. What is the maximum 
theoretical power output from a cyclic heat engine operating on the heat rejected 
from the combustion products, assuming that the ambient temperature is 20°C? 


Solution: 

C.V. Heat exchanger 

• • 

Continuity eq.: m; = mg ; 

• • • 

Energy Eq.6.12: m^hi = mjhg + Qh 

QH = miCpo(Ti-Tg) = 0.15 x 1.004(1100 - 550) = 82.83 kW 

We do not know the H.E efficiency, high T not constant. 

C.V. Total heat exchanger plus heat engine, reversible process. 

• • • 

Entropy Eq.: m[S[ + 0 = + Ql/Tl 

T 

Ql = Tl mi (si - Sg) = Tl liiiCpo In (y 



= 293.15 X 0.15 X 1.004 


1373 15 

= 22.57 kW 


her we used Eq.8.25 for the change in s of the air. 

Energy Eq. heat engine: 

Wnet = Qh - Ql = 82.83 - 22.57 = 60.26 kW 
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10.59 

Find the change in availability from inlet to exit of the condenser in Problem 

9.42. 

Solution: 

Condenser of Prob. 9.42 has inlet equal to turbine exit. 

State 2: P 2 = 20 kPa; S 2 = sj = 6.7993 kJ/kg K 

=> X 2 = (6.7993 - 0.8319)/7.0766 = 0.8433 

h 2 = 2240.1 kJ/kg 

State 3: P 2 = P 3 ; T 3 = 40°C; Compressed liquid assume sat.liq. same T 

Table B.1.1 h 3 = 167.5 kJ/kg; S 3 = 0.5724 kJ/kg K 
From Eq. 10.24 or 10.37 

V3 - V 2 = (^3 - T 0 S 3 ) - (h 2 - T 0 S 2 ) 

= (h 3 - h 2 ) - To(s3 - S 2 ) 

= (167.5 - 2240.1) - 298.2(0.5724 - 6.7993 ) 

= -2072.6 + 1856.9 = -215.7 kJ/kg 
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10.60 

Refrigerant R-12 at 30°C, 0.75 MPa enters a steady flow deviee and exits at 30°C, 
100 kPa. Assume the process is isothermal and reversible. Find the change in 
availability of the refrigerant. 

Solution; 

Table B.3.1: h; = 64.59 kJ/kg, S; = 0.2399 kJ/kg K, compr. liquid. 

Table B.3.2: hg = 210.02 kJ/kg, Sg = 0.8488 kJ/kg K, sup. vapor 

From Eq. 10.24 or 10.37 

A\|/ = hg - hi - To(Sg - Si) = 210.02 - 64.59 - 298.15(0.8488 - 0.2399) 

= -36.1 kJ/kg 



Remark: Why did the availability drop? The exit state is much closer to the 
ambient dead state, so it lost its ability to expand and do work. 
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10.61 

An air compressor is used to eharge an initially empty 200-L tank with air up to 5 
MPa. The air inlet to the eompressor is at 100 kPa, 17°C and the eompressor 
isentropie effieieney is 80%. Find the total eompressor work and the ehange in 
availability of the air. 

C.V. Tank + eompressor Transient proeess with eonstant inlet eonditions, no 
heat transfer. 

Continuity: m 2 - m^ = m^^ ( mj = 0 ) Energy: m 2 U 2 = rn^nhij, - 1 W 2 

Entropy: m 2 S 2 = mj^Si^ + 1 S 2 gen 

Reversible eompressor: j S 2 gen ^0 ^ ^2 = Sj^ 

State 1: Vj = REj/Pi = 0.8323 m^/kg, 


State inlet, Table A.7.1: hjjj = 290.43 kJ/kg, Sjj^ = 6.83521 kJ/kg K 

Eq.8.28: s °2 = + R In (^) = 6.83521 + 0.287 In = 7.95796 

Table A.7.1 ^ T 2 ^s = 854.6 K, U 2 ^, = 637.25 kJ/kg 

^ 1^2,8 ^ hjjj - U2^s = 290.43 - 637.25 = -346.82 kJ/kg 


Aetual compressor: 1 W 2 ^.c ^ iW2,s/'nc ^ -433.53 kJ/kg 
^2,AC ^ ^in ■ iW2,AC ^ 290.43 -(-433.53) = 723.96 kJ/kg 


T2 ,ac = 958.5 K, s°2 = 8.08655 kJ/kg K 



V 2 = RT 2 /P 2 = 0.05502 m7kg so m 2 = V 2 /V 2 = 3.635 kg 


^ 1 W 2 = m 2 (iW2^Ac) = -1575.9 kJ 

m2((t)2 - <^i) = m2[u2 - Uj + Po(V2 - Vj) - To(S2 - Si)] 

= 3.635 [723.96 - 207.19 + 100(0.05502 - 0.8323) - 290[8.08655 - 
6.83521 - 0.287 ln(5000/100)] = 1460.4 kJ 
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10.62 

Water as saturated liquid at 200 kPa goes through a eonstant pressure heat 
exehanger as shown in Fig. P10.62. The heat input is supplied from a reversible 
heat pump extraeting heat from the surroundings at 17°C. The water flow rate is 2 
kg/min and the whole proeess is reversible, that is, there is no overall net entropy 
ehange. If the heat pump reeeives 40 kW of work find the water exit state and the 
inerease in availability of the water. 

C.V. Pleat exehanger + heat pump. 

• • •••• •• _ • 

mi = m 2 = 2 kg/min, mihi + Qg + = mih 2 , miSi + Qq/Tq = miS 2 

• • 

Substitute Qg into energy equation and divide by mj 

hi-TgSi+Win = h 2 -TgS 2 

LHS = 504.7 - 290.15 x 1.5301 + 40x60/2 = 1260.7 kJ/kg 
State 2: P 2 , h 2 - TgS 2 = 1260.7 kJ/kg 

At sat. vap. hg - TgSg = 638.8 so state 2 is superheated vapor at 200 kPa. 

At 600°C: h 2 - TgS 2 = 3703.96 - 290.15 x 8.7769 = 1157.34 kJ/kg 

At 700°C: h 2 - TgS 2 = 3927.66 - 290.15 x 9.0194 = 1310.68 kJ/kg 

Linear interpolation ^ T 2 = 667°C 

Ay = (h2 - TgS2) - (hi - TgSi) = Win = 1200 kJ/kg 
= 1260.7 - 504.7 + 290.15 x 1.5301 « 1200 kJ/kg 
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10.63 

An electric stove has one heating element at 300‘^C getting 500 W of electric 

power. It transfers 90% of the power to 1 kg water in a kettle initially at 20°C, 

100 kPa, the rest 10% leaks to the room air. The water at a uniform T is brought 
to the boiling point. At the start of the process what is the rate of availability 
transfer by: a) electrical input b) from heating element and c) into the water at 

T 

^ water* 


a) Work is availability 6 = W = 500 W 



Heat transfer at 300°C is only partly availability 





293.15 ^ 

273.15 + 300j 


500 = 244 W 


c) Water receives heat transfer at 20°C as 90% of 500 W 




T 


water7 




293.15 

273.I5 + 20J 


450 = 0 W 



500 W at 300°C 
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10.64 

Calculate the availability of the water at the initial and final states of Problem 
8.70, and the irreversibility of the proeess. 

State properties 

1: = 83.94 kJ/kg, sj = 0.2966 kJ/kg K,, v^ = 0.001 m^/kg 

2: U 2 = 3124.3 kJ/kg, S 2 = 7.7621 kJ/kg K, V 2 = 0.354 m^/kg 
0: Uq = 104.86 kJ/kg, Sq = 0.3673 kJ/kg K, Vq = 0.001003 m^/kg 

Proeess transfers: = 203 kJ, = 3243.4 kJ, Tjj = 873.15 K 

(^ = (u - Tos) - (uo - ToSo) + Po( V - Vq) 

(^1 = (83.94 - 298.15x0.2966) - (104.86 - 298.15x0.3673) 

+ 100 (0.001002 - 0.001003) =0.159 kJ/kg 
(^2 = (3124.3 - 298.15x7.7621) - (104.86 - 298.15x0.3673) 

+ 100 (0.35411 - 0.001003) = 850 kJ/kg 

ll 2 = m((^i - (^ 2 ) + [1 - (To/Th)]iQ2 ' - 1 W 2 ' + Po( V 2 - Vi) 

298 15 

= -849.84 + (1 - ) 3243.4 - 203 + 100 (0.3541 - 0.001) 

= -849.84 + 2135.9 - 203 + 35.31 = 1118. kJ 

[(Sgen = 3.75kJ/K 


ToSgen= lllSkJ so OK] 
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10.65 

A 10-kg iron disk brake on a car is initially at 10°C. Suddenly the brake pad 
hangs up, increasing the brake temperature by friction to 110°C while the car 
maintains constant speed. Find the change in availability of the disk and the 
energy depletion of the car’s gas tank due to this process alone. Assume that the 
engine has a thermal efficiency of 35%. 

Solution; 

All the friction work is turned into internal energy of the disk brake. 

Energy eq.: m(u 2 - Uj) = 1 Q 2 - 1 W 2 ^ 1 Q 2 = mFgCFe(T 2 - TO 


1 Q 2 = 10 X 0.45 X (110 - 10 ) = 450 kJ 

Neglect the work to the surroundings at Pq, so change in availability is from 
Eq.10.27 

A4> = m(u2 - ui) - Tom(s2 - Sj) 


Change in s for a solid, Eq.8.20 


m(s 2 -Si) = mC ln(T 2 /Ti) = 10 x 0.45 x In 


^83.15) 

1283.15) 


= 1.361 kJ/K 


A(^ = 450 - 283.15 x 1.361 = 64,63 kJ 

Wengine = OthQgas = 1 Q 2 = Friction work 
Qgas = iQ2/'nth = 450/0.35 = 1285.7 kJ 
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10.66 

A 1 kg block of copper at 350°C is quenched in a 10 kg oil bath initially at ambient 
temperature of 20°C. Caleulate the final uniform temperature (no heat transfer 
to/from ambient) and the change of availability of the system (eopper and oil). 
Solution: 

C.V. Copper and oil. = 0.42 kJ/kg K, CqH =1.8 kJ/kg K 

m2U2 - miuj = 1 Q 2 - 1 W 2 = 0 = mcoCco(T2 - T^co + (mC)oil(T2 - Ti)oii 


1 X 0.42 ( T 2 - 350) + 10 X 1.8 (T 2 - 20) = 0 

18.42 T2 = 507 => T = 27.5°C = 300.65 K 

For eaeh mass eopper and oil, we negleet work term (v = C) so Eq. 10.22 is 

((t )2 - (t)i) = U 2 - ui - To(s 2 - si) = mC [(T 2 - TO - Toln (T 2 / TO ] 


mcv((^2 - ^i)ov + ii>2 ' ^i)oil = 


= 0.42 X [(-322.5)-293.15 


300.65 

623.15 


] + lOx 1.8 [7.5 -293.15 


300.65 
293.15 J 


= -45.713 + 1.698 = - 44.0 kJ 
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10.67 


Calculate the availability of the system (aluminum plus gas) at the initial and final 
states of Problem 8.137, and also the proeess irreversibility. 

State 1: 


State 2: 


Ti = 200 OC, vj = Vi/ m = 0.05 / 1.1186 = 0.0447 m^/kg 

V 2 = Vj X (2 / 1.5) X (298.15 / 473.15) = 0.03756 m^/kg 
The metal does not ehange volume, so the eombined is using Eq. 10.22 as 
~ i^gas4>gas i^Al^Al 

= mgas[ui-Uo-To(si - So)]cv + mgasPoC^rVo) + mAi[ui-Uo -To(si-So)]ai 


^gas^v (Ti - To) ■ ^ 


li 


Pi 


gas 


To[Cpln.p -Rlnp ] + m^asPo (^i - Vq) 


0 


0 


+ mAi [C (Ti-To)-ToC ln(Ti/To) ]ai 


473 15 2000 

(j)! = 1.1186 [ 0.653(200-25) - 298.15 (0.842 In- 0.18892 In^^) 

473 15 

+ 100 (0.0447 - 0.5633 ) ] + 4 x 0.90 [ 200 -25 - 298.15 In ] 
= 128.88 + 134.3 =263.2 kJ 

(t)2 = 1.1186 [ 0.653(25 - 25) - 298.15 (0.842 In 0.18892 In^^) 


298.15 


+ 100 (0.03756 - 0.5633 ) ] + 4 x 0.9 [ 25 -25 - 298.15 In ^^g ] 


= 111.82 + 0= 111.82 kJ 
The irreversibility is as in Eq. 10.28 

il2 = - ^2 + [1 - (Tq/Th)] iQ2 - 1 W 2 AC + p^in( V 2 - Vj) 

= 263.2 - 111.82 + 0 - (-14) + 100 x 1.1186 (0.03756 - 0.0447) = 164.58 kJ 
[(Sgen = 0.552 ToSggn = 164.58 so OK] 
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10.68 

A wooden bucket (2 kg) with 10 kg hot liquid water, both at 85°C, is lowered 400 
m down into a mineshaft. What is the availability of the bucket and water with 
respect to the surface ambient at 20°C? 


C.V. Bucket and water. Both thermal availability 
and potential energy terms. 

Vj w Vq for both wood and water so work to atm. 
is zero. 


Use constant heat capacity table A.3 for wood 
and table B.1.1 (sat. liq.) for water. 

From Eq. 10.27 



■ ^0 “ ^wood[^i ■ ^0 ■ To(si- Sq)] + mjj2o[ui- Uq- ToCsj- Sq)] + m(otg(zi- zq) 

yi'\ 15 + 85 

= 2[1.26(85 -20)-293.15x 1.26 I n ^^3 ] +10[ 355.82 - 83.94 

- 293(1.1342 - 0.2966)] + 12 x 9.807 x (-400) /lOOO 
= 15.85 + 263.38 - 47.07 = 232.2 kJ 
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Device Second-Law Efficiency 


10.69 

Air enters a eompressor at ambient conditions, 100 kPa, 300 K, and exits at 800 
kPa. If the isentropic compressor efficiency is 85%, what is the second-law 
efficiency of the compressor process? 

Solution; 



Ideal (isentropic, Eq.8.32) 

T2 s = 300(8)‘^-2*^ = 543.8 K 
-w,= 1.004(543.8-300) = 244.6kJ/kg 
-w. 244 6 

- = ^ = 287.8 kJ/kgK 

-w 287 8 

T2 = Ti+^ = 300 + y;^ = 586.8K 


Eq.8.25: S 2 - Sj = 1.004 ln(586.8/300) - 0.287 In 8 = 0.07645 
Availability, Eq. 10.24 

V 2 - Vi = (^2 - hi) - To(s 2 - si) = 287.8 - 300(0.07645) = 264.9 kJ/kg 
2nd law efficiency, Eq. 10.29 or 10.30 (but for a compressor): 


_ ¥2 - ¥1 _ 264.9 

h2ndLaw- ~ 287.8 


0.92 
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10.70 

A compressor takes in saturated vapor R-134a at -20°C and delivers it at 30°C, 

0.4 MPa. Assuming that the eompression is adiabatic, find the isentropie 
effieieney and the seeond law effieieney. 

Solution: 

Table B.5 Inlet: h; = 386.08 kJ/kg, Sj = 1.7395 kJ/kg K, 

Aetual exit: hg = 423.22 kJ/kg, Sg ^c = 1.7895 kJ/kg K 

Ideal exit: Pg, Sg g = Sj ^ hg ^ = 408.51 kJ/kg 
Isentropie eompressor Wg ^ = hg ^ - hj = 22.43 kJ/kg 
Aetual eompressor Wg ^c = hg .^g - hj = 37.14 kJ/kg 
Reversible between inlet and aetual exit Eq.10.9 

-Wc,rev = hi - hg ag - TqCsj - Sg J = -37.14 - 298.15(1.7395 - 1.7895) = -22.23 

Eq.9.27: r\g = (Wg ^/Wg ,jg) = (22.43/37.14) = 0.604 

Second law efficiency for compressor, Eq. 10.32 (modified) 

hii = (Wg,rev/Wg,ac) = (22.23/37.14) = 0.599 
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10.71 

A steam turbine has inlet at 4 MPa, 500°C and aetual exit of 100 kPa, x = 1.0. 
Find its first law (isentropie) and its seeond law effieiencies. 

Solution: 

C.V. Steam turbine 

Energy Eq.6.13: w = - hg 

Entropy Eq.9.8: Sg = Sj + Sgg^ 

Inlet state: Table B. 1.3 hj = 3445.2 kJ/kg; sj = 7.0900 kJ/kg K 

Exit (aetual) state: Table B.1.2 hg = 2675.5; Sg = 7.3593 kJ/kg K 

Aetual turbine energy equation 

w = hi - hg = 769.7 kJ/kg 

Ideal turbine reversible proeess so Sgg^ = 0 giving 

Sgs = sj = 70900 = 1.3025 + Xg^ x 6.0568 

Xgs = 0.9555, hgs = 417.4 + 0.9555 x 2258.0 = 2575.0 kJ/kg 

The energy equation for the ideal gives 

Wg = hj - hgg = 870.2 kJ/kg 

The first law effieieney is the ratio of the two work terms 

Ps = w/wg = 0.885 

The reversible work for the aetual turbine states is, Eq.10.9 

w’’®'" = (hi - hg) + To(Se - Si) 

= 769.7 + 298.2(7.3593 - 7.0900) 

= 769.7 + 80.3 = 850.0 kJ/kg 
Second law efficiency Eq. 10.29 

Law ^ w/Wj-gy = 769.7/850.0 = 0.906 
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10.72 

The condenser in a refrigerator receives R-134a at 700 kPa, 50°C and it exits as 
saturated liquid at 25°C. The flowrate is 0.1 kg/s and the condenser has air 
flowing in at ambient 15°C and leaving at 35°C. Find the minimum flow rate of 
air and the heat exchanger second-law efficiency. 


3 


AIR 

AAAA/^-^+7 R-13 4 a 
2 ' - 1 


4 


C.V. Total heat exchanger. 
Energy Eq.6.10 


mjhj + mjjh3 = mjh2 + m^h4 


hi - hj 

• • i ^ ^ 

^ m. = mi X 7 — 7- = 0.1 
" 1 h4 - h3 


436.89 -234.59 
^ 1.004(35 - 15) - 1-007 kg/s 


Availability from Eq. 10.24 

\|/i - v|/2 = hi - h2 - To(si - S2) = 436.89 - 234.59 

- 288.15(1.7919 - 1.1201) = 8.7208 kJ/kg 

<^4 - Vs = ^4 - h3 - To(S4 - S3) 

308 15 

= 1.004(35 - 15) - 288.15 X 1.004 x In +0.666 kJ/kg 


Efficiency from Eq. 10.30 


Eli = ma('f4 - VsymiCVi - ¥ 2 ) 


1.007(0.666) _ 
0.1(8.7208) 
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10.73 

Steam enters a turbine at 25 MPa, 550°C and exits at 5 MPa, 325°C at a flow rate 
of 70 kg/s. Determine the total power output of the turbine, its isentropic 
effieieney and the second law efficiency. 

Solution; 

hi = 3335.6 kJ/kg, S; = 6.1765 kJ/kg K, 
hg = 2996.5 kJ/kg, Sg = 6.3289 kJ/kg K 
Actual turbine: Wj hj - hg = 339.1 kJ/kg 
Isentropic turbine: Sg ^ = Sj ^ hg ^ = 2906.6 kJ/kg 

Wt,s = hi - hg 5 = 429 kJ/kg 

Rev. turbine: w^g^ = w^^ac To(Sg - Si) = 339.1 + 45.44 = 384.54 kJ/kg 
Eq.9.27: r[j = = 339.1/429 = 0.79 

Eq.10.29: Pn = Wjac/Wi-ev = 339.1/384.54 = 0.88 
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10.74 

A compressor is used to bring saturated water vapor at 1 MPa up to 17.5 MPa, 
where the aetual exit temperature is 650°C. Find the irreversibility and the 
seeond-law effieieney. 

Solution; 

Inlet state: Table B.1.2 h; = 2778.1 kJ/kg, Sj = 6.5864 kJ/kg K 
Aetual compressor Table B.1.3: hg ^^ = 3693.9 kJ/kg, Sg = 6.7356 kJ/kg K 
Energy Eq. Aetual eompressor: -Wg = hg - h^ = 915.8 kJ/kg 
From Eq. 10.11: i = TgCSg^^g - S;) = 298.15 (6.7356 - 6.5864) = 44,48 kJ/kg 
From Eq.10.10: w^g.^, = i + Wg .^g = -915.8 + 44.48 = -871.32 kJ/kg 

Till = -Wj-gy/Wg ijg = 871.32/915.8 = 0,951 
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10.75 

A flow of steam at 10 MPa, 550°C goes through a two-stage turbine. The pressure 
between the stages is 2 MPa and the seeond stage has an exit at 50 kPa. Assume 
both stages have an isentropic effieieney of 85%. Find the second law efficiencies 
for both stages of the turbine. 

CV: Tl, hi = 3500.9 kJ/kg, Sj = 6.7561 kJ/kg K 
Isentropic §25 = Si ^ h 2 s = 3017.9 kJ/kg 

WTi,s = hi -h 2 s = 483kJ/kg 

Actual Tl; w^i^^, = w^i^s = 410.55 = hj - h 2 ac 
h2ac = hi - WTi,ac = 3090.35, S 2 ac = 6.8782 
CV:T2, S 3 , = S 2 ac = 6.8782 ^ X 3 , = (6.8782-1.091)/6.5029 = 0.8899, 

h 3 , = 340.47 + 0.8899 x 2305.4 = 2392.2 kJ/kg 
'''T2 ,s ^ h2ac - h3s = 698.15 ^ WT2,ac ^ 0x2 Wt2,s ^ 393.4 kJ/kg 
^ h3ac = 2496.9, X3ac = (2496.9 - 340.47)/2305.4 =0.9354, 

S 3 ac = 1.091 + 0.9354 X 6.5029 = 7.1736 kJ/kg K 
Actual Tl: iji ac = To(s 2 ac-Si) = 298.15(6.8782 - 6.7561) = 36.4 kJ/kg 

R R 

^ W^^i = Wxyac + i = 447 kJ/kg, Tin = WTl,ac/WTi = 0.918 
Actual T2: ij 2 ,ac ^ To(s 3 ac‘S 2 ac) ^ 298.15(7.1736 - 6.8782) = 88.07 kJ/kg 

R R 

^ Wj 2 = Wx 2 ,ac 42,ac ^ 681.5, Tjjj = WT 2 ,ac/Wx 2 ^ 0.871 


1 2 3 
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10.76 

The simple steam power plant shown in Problem 6.99 has a turbine with given 
inlet and exit states. Find the availability at the turbine exit, state 6 . Find the 
seeond law effieieney for the turbine, negleeting kinetie energy at state 5. 

Solution: 

interpolation or software: h 5 = 3404.3 kJ/kg, S 5 = 6.8953 kJ/kg K 
Table B.1.2: xg = 0.92 so hg = 2393.2 kJ/kg, Sg = 7.5501 kJ/kg K 
Flow availability (exergy) from Eq. 10.24 

^6 = hg - ho - To(s 6 - So) 

= 2393.2 - 104.89 - 298.15(6.8953 - 0.3674) = 146.79 kJ/kg 
In the absenee of heat transfer the work is form Eq.10.9 or 10.39 

= ^5 - \|/6 = 115 - hg - To(s5 - S5) = 1206.3 kJ/kg 
Wac = 115 - 115 = 1011.1 kJ/kg; Tjjj = Wac/w^^'" = 0.838 



V 


s 
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10.77 


A steam turbine inlet is at 1200 kPa, 500°C. The aetual exit is at 200 kPa, 300°C. 
What are the isentropie effieieney and its seeond law effieieney? 

Solution: 

C.V. Turbine aetual, steady state and adiabatie. 

Inlet state: Table B.1.3: h; = 3476.28 kJ/kg, S; = 7.6758 kJ/kg K 

Exit state: Table B.1.3: hg = 3071.79 kJ/kg, Sg = 7.8926 kJ/kg K 

Energy Eq.: w^ac hj - hg = 3476.28 - 3071.79 = 404.49 kJ/kg 
C.V. Turbine isentropie, steady state, reversible and adiabatie. 


Isentropie exit state: 200 kPa, s = Sj => hg^ = 2954.7 kJ/kg 
Energy eq.: Wj ^ = h| - hg^ = 3476.28 - 2954.7 = 521.58 kJ/kg 

404.49 ^ 

hi ~ wxac/wj s - 52 E 58 ~ 


Reversible work for aetual turbine is from Eq.10.9 or 10.39 


Wt = Vi - Ve = hi - he - To(Si - Sg) = Wjac ' To(Si - Sg) 

= 404.49 - 298.15(7.6758 - 7.8926) = 469.13 kJ/kg 
Then the seeond law effieieney is in Eq. 10.29 


404.49 


, rev 

hll-Wjac/Wj 0.862 
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10.78 

Steam is supplied in a line at 3 MPa, 700°C. A turbine with an isentropic 
effieieney of 85% is eonneeted to the line by a valve and it exhausts to the 
atmosphere at 100 kPa. If the steam is throttled down to 2 MPa before entering 
the turbine find the aetual turbine specific work. Find the change in availability 
through the valve and the second law efficiency of the turbine. 

Take C.V. as valve and a C.V. as the turbine. 

Valve: h 2 = hj = 3911.7 kJ/kg, S 2 > Sj = 7.7571 kJ/kg K, 

h 2 ,P 2 ^ S 2 = 7.9425 kJ/kg K 

¥i - V 2 = hi-h 2 -To(si-S 2 ) = 0 -298.15(7.7571-7.9425) = 55.3 kJ/kg 
So some potential work is lost in the throttling process. 

Ideal turbine: S 3 = S 2 ^ h 35 = 2929.13 = 982.57 kJ/kg 

WT,ac = ^2 - h3ac = , = 835.2 kJ/kg 

h 3 ac = 3911.7 - 835.2 = 3076.5 ^ S 3 ac = 8.219 kJ/kg K 

w''®'' = h 2 - h 3 ac - To(s 2 - 83 ^^) = 835.2-298.15(7.9425 - 8.219) 

= 917.63 kJ/kg ^ Tin = 835.2/917.63 = 0.91 
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10.79 

Air flows into a heat engine at ambient eonditions 100 kPa, 300 K, as shown in 
Fig. P10.79. Energy is supplied as 1200 kJ per kg air from a 1500 K souree and in 
some part of the proeess a heat transfer loss of 300 kJ/kg air happens at 750 K. 
The air leaves the engine at 100 kPa, 800 K. Find the first and the seeond law 
effleiencies. 

C.V. Engine out to reservoirs 

+ Oisoo ^ 0750 + hg + W 

w^g = 300.47 + 1200 - 300 - 822.20 = 378.27 kJ/kg 
Pth ^ w/qi5oo = 0.3152 

For seeond law efficieney also a q to/from ambient 

Si + (Oi50o/Th) + (Oo/Tq) = (075o/Tm) + 

Oo ^ To(Sg - Sj) + (To/T^)qy50 - (To/Th)Oi500 


= 300 7.88514 - 6.86925 - 0.287 In 


100 


+ 300 


-(300/1500) 1200 = 184.764 kJ/kg 


Wrev = hi - hg + qi 500 - qyjg + qo = w^g + qo = 563.03 kJ/kg 
hii ^ Wj^g/w^gy = 378.27/563.03 = 0.672 



Sonntag, Borgnakke and van Wylen 


10.80 

Air enters a steady-flow turbine at 1600 K and exhausts to the atmosphere at 1000 
K. The seeond law effieieney is 85%. What is the turbine inlet pressure? 

C.V.: Turbine, exits to atmosphere so assume Pg = 100 kPa 

Inlet: Ti= 1600 K, Table A.7: h; = 1757.3 kJ/kg, s” = 8.1349 kJ/kg K 

Exit: Tg = 1000 K, h^ = 1046.2 kJ/kg, s° = 8.6905 kJ/kg K 

1®^ Law: q + h; = hg -I- w; q = 0 => w = (hj - hg) = 711.1 kJ/kg 

2^*^ Law: \|/i - \j/g = w/ri2ndLaw ^ 711-1/0.85 = 836.6 kJ/kg 

- Ve = (hi - K) - To(Si - Se) = 836.6 kJ/kg 
h;-hg = w = 711.1 kJ/kg, assume Tq = 25‘^C ^ Sj - Sg = 0.4209 kJ/kg-K 

Si - Sg = Sg - s” - R ln(Pi/Pe) = 0.4209 kJ/kg K => Pg/Pi = 30.03; 

Pi = 3003 kPa 
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10.81 

Calculate the seeond law effieieney of the eounter flowing heat exehanger in 
Problem 9.61 with an ambient at 20°C. 


Solution: 

C.V. Heat exehanger, steady flow 1 inlet 
and 1 exit for air and water each. The 
two flows exehange energy with no heat 
transfer to/from the outside. 



3 water 


Heat exehanger Prob 9.61 with = 20°C solve first for state 4. 

Energy Eq. 6 .10: liiAiRAhAiR = mH 20 ^hH 20 

From A.7: hi - h 2 = 1046.22 - 401.3 = 644.92 kJ/kg 

From B. 1.2 h 3 = 83.94 kJ/kg; S 3 = 0.2966 kJ/kg K 

h 4 - h 3 = (mAiR/mH 2 o)(hi - = (2/0.5)644.92 = 2579.68 kJ/kg 

h 4 = h 3 + 2579.68 = 2663.62 < hg at 200 kPa 

T 4 = Tsat= 120.23°C, 

X 4 = (2663.62 - 504.68)/2201.96 = 0.9805, 

S 4 = 1.53 + X 4 5.597 = 7.01786 kJ/kg K 
We need the ehange in availability for eaeh flow from Eq. 10.24 
(Vl - V 2 ) = (hi - h 2 ) + To(s 2 - si) 

= (1046.2-401.3) + 293.2(7.1593 - 8.1349 - 0.287 ln(100/125) 
= 644.9 + 293.2(-0.91156) = 377.6 kJ/kg 

(\|/4 - V 3 ) = (h 4 - h 3 ) + To(S 4 - S 3 ) 

= (2663.6 - 83.9) - 293.2(7.0179 - 0.2966) 

= 2579.9- 1970.7 = 609.0 

Effieieney from Eq. 10.30 

• • 

Law = [mw(V4 - V3)]/[mA(¥l ' V 2 )] 

= (0.5 X 609.0)/(2 X 377.6) = 0.403 
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10.82 


Calculate the seeond law effieieney of the eoflowing heat exehanger in Problem 
9.62 with an ambient at 17°C. 


Solution: 

C.V. Heat exehanger, steady 
2 flows in and two flows out. 



First solve for the exit temperature in Problem 9.62 

C.V. Heat exehanger, steady 2 flows in and two flows out. 

• • • • 

Energy Eq. 6 .10: mo 2 hi + mN 2 h 3 = mo 2 h 2 + 


Same exit tempearture so T 4 = T 2 with values from Table A.5 
• • • • 
n^ 02 Cp 02 T 1 + mN 2 Cp N 2 T 3 = (mo 2 Cp 02 + inN 2 Cp N 2 )T 2 



0.25 X 0.922X 290 + 0.6 x 1.042 x 500 
0.25 X 0.922 + 0.6 x 1.042 


379.45 

0.8557 


= 443.4 K 


The seeond law effieieney for a heat exehanger is the ratio of the availability 
gain by one fluid divided by the availability drop in the other fluid. We thus 
have to find the ehange of availability in both flows. 

For eaeh flow availability is Eq. 10.24 inelude mass flow rate as in Eq. 10.36 

For the oxygen flow: 

• • 

mo 2 (V 2 - Vl ) = mo 2 [ h 2 - hi - Tq ( S 2 - Si ) ] 

= ^02 [ Cp(T 2 - Ti) - To [ Cp ln(T 2 / Tj) - R ln(P 2 / Pi) ] 

= i;i 02 Cp[T 2 -Ti-Toln(T 2 /Ti)] 

= 0.25 X 0.922 [ 443.4 - 290 - 290 ln(443.4/290) ] 

= 6.977 kW 

For the nitrogen flow 

1^N2(V3 - V4 ) = i^N 2 Cp [ T 3 - T 4 - Toln(T 3 / T 4 ) ] 

= 0.6 X 1.042 [ 500 - 443.4 - 290 ln(500/443.4) ] 

= 13.6 kW 


From Eq. 10.30 

E2"‘^ Law 


mo2(Vi - V 2 ) 
mN2(V3 - V 4 ) 


6.977 

13.6 


0.513 
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10.83 

A heat exchanger brings 10 kg/s water from 100°C to 500®C at 2000 kPa using 
air coming in at 1400 K and leaving at 460 K. What is the second law efficiency? 


Solution: 

C.V. Heat exchanger, steady flow 1 inlet and 
1 exit for air and water each. The two flows 
exchange energy with no heat transfer 
to/from the outside. We need to find the air 
mass flow rate. 



1 water 


Energy Eq.: mH 2 o(h 2 - h i) = mair(h 3 - h 4 ) 


m 


air 


h 2 -hi _ 3467.55 - 420.45 , 

^H20h,-h. ^^ 1515.27-462.34 28.939 kg/s 


Availability increase of the water flow 

• • 

mH2o('f2 - Vl) = mH2o[h2 - hi - To(S 2 - Si)] 

= 10 [3467.55-420.45-298.15(7.4316- 1.3053)] 

= 10 [ 3047.1 - 1826.56 ] = 12 205 kW 

Availability decrease of the air flow 

• • 

mairCVs - V4) = ' h4 “ To(S 3 - S 4 )] 

= 28.939 [1515.27 - 462.34 - 298.15(8.52891 - 7.30142)] 
= 19 880 kW 


fl2"‘^ Law 


hiH2o(V2 -¥l) 12 205 
ihairCVs - M^4) 


= 0.614 
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Exergy Balance Equation 
10.84 

Find the specific flow exergy in and out of the steam turbine in Example 9.1 
assuming an ambient at 293 K. Use the exergy balance equation to find the 
reversible specific work. Does this calculation of specific work depend on T^? 

Solution; 


The specific flow exergy is from Eq. 10.37 



Reference state: h^ = 83.94 kJ/kg, s^ = 0.2966 kJ/kg K, 

ho - TqSo = -2.9638 kJ/kg 

The properties are listed in Example 9.1 so the specific flow exergies are 

Vi = 3051.2 + 1.25 -293 x 7.1228 - (-2.9638) = 968.43 kJ/kg 

Ve = 2655.0 + 20 - 293 x 7.1228 - (-2.9638) = 590.98 kJ/kg 

The reversible work is from Eq. 10.39, with q = 0 and Sge^ = 0, so 

w = Vi - Ve = 968.43 - 590.98 = 377.45 kJ/kg 


The offset Tq terms drop out as we take the difference and also (si = Sg) 

Vi-Ve = hi-he - To(Si - Sg) = hi - hg 

Notice since the turbine is reversible we get the same as in Example 9.1 
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10.85 

A counterflowing heat exehanger eools air at 600 K, 400 kPa to 320 K using a 
supply of water at 20°C, 200 kPa. The water flow rate is 0.1 kg/s and the air flow 
rate is 1 kg/s. Assume this ean be done in a reversible proeess by the use of heat 
engines and negleet kinetie energy ehanges. Find the water exit temperature and 
the power out of the heat engine(s). 


air 



C.V. Total 
Energy eq.: 

Entropy Eq,: 


mahi + niH^ohs = + mH2oh4 + W 


maS 1 + liiHsoSs = maS 2 + mH20S4 (s 


gen 



Table A.7: hj = 607.316 kJ/kg, s^i = 7.57638 kJ/kg K 

Table A.7: h 2 = 320.576 kJ/kg, St 2 = 6.93413 kJ/kg K, 

Table B. 1.1: h 3 = 83.96 kJ/kg, S 3 = 0.2966 kJ/kg K 
From the entropy equation we first find state 4 

S 4 = (ma/mH,o)(si - S 2 ) + S 3 = (1/0.1X7.57638 - 6.93413) + 0.2966 = 6.7191 


4 :P 4 = P 3 , S 4 ^ Table B.1.2: X 4 = (6.7191-1.530)/5.597 = 0.9271, 

h 4 = 504.68 + 0.9271 x 2201.96 = 2546.1 kJ/kg, T 4 = 120.20°C 

From the energy equation 

W = mXhi - h 2 ) + mH,o(h3 - h4) 


= 1(607.32 - 320.58) + 0.1(83.96 - 2546.1) = 40.53 kW 
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10.86 

Evaluate the steady state exergy fluxes due to a heat transfer of 250 W through a 
wall with 600 K on one side and 400 K on the other side. What is the exergy 
destruetion in the wall. 


Solution: 

_ • _ 

Exergy flux due to a Q term Eq. 10.36: 

®Q = (1- 

To , 298 

®1 = (1- f^)Q = (1-^)250= 125.8 W 

To , 298 

®2 = (1- ^)Q = (1-^)250 = 63.8 W 



Steady state state so no storage and Eq. 10.36 is 

0 = Oj - 62 - 6(jestr. 


Odestr. = = 125.8 - 63.8 = 62 W 
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10.87 

A heat engine operating with an evironment at 298 K produees 5 kW of power 
output with a first law effieieney of 50%. It has a seeond law effieieney of 80% 
and Tl = 310 K. Find all the energy and exergy transfers in and out. 

Solution; 

From the definition of the first law effieieney 

QH = w/Ti=^=iOkw 
Energy Eq.: Ql = Qh - W = 10 - 5 = 5 kW 

= W = 5 kW 

From the definition of the seeond law effieieney p = W/Ojj, this requires that we 

assume the availability delivered at 310 K is lost and not counted otherwise the 

• • • 

efficiency should be p = W/(Oh - ^l)- 

= ^^)Qh= ^ = 6.25 kW 

To , 298 

®L = (1- ^)QL = (l-^)5 = 0.194kW 

Notice from the form we could find the single characteristic as 

T 

(1 - ;^) = 6.25 kW / Qh = 0.625 => Th = 795 K 
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10.88 

Consider the eondenser in Problem 9.42. Find the speeifie energy and exergy that 

are given out, assuming an ambient at 20°C. Find also the speeifie exergy 
destruetion in the proeess. 


Solution: 




Condenser from state 2 to state 3 



= P 3 = 20 kPa 
= 40 °C 


State 1: (P, T) Table B. 1.3 

hi = 3809.1 kJ/kg, si = 6.7993 kJ/kg K 


C.V. Turbine. 


Entropy Eq.9.8 


S 2 = Si = 6.7993 kJ/kg K 


Table B.1.2 S 2 = 0.8319 + X 2 x 7.0766 


=> 


X 2 = 0.8433 


h 2 = 251.4 + 0.8433X 2358.33 = 2240.1 kJ/kg 

State 3: (P, T) Compressed liquid, take sat. liq. Table B. 1.1 

hj = 167.54 kJ/kg, S 3 = 0.5724 kJ/kg K 

C.V. Condenser 

Energy Eq.: Ol ^ ^2 - h 3 = 2240.1 - 167.54 = 2072,56 kJ/kg 
Exergy Eq.: Ay = 1^2 “ ¥3 = ^2 - ^3 “ S 3 ) 

= 2072.56 - 293.15(6.7993 - 0.5724) 

= 247.1 kJ/kg going out 

Sinee all the exergy that goes out ends up at the ambient where it has zero 
exergy, the destruetion equals the outgoing exergy. 

Vdestr = A\y = 247.1 kJ/kg 

Notiee the eondenser gives out a large amount of energy byt little exergy. 
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10.89 

The condenser in a power plant cools 10 kg/s water at 10 kPa, quality 90% so it 
comes out as saturated liquid at 10 kPa. The cooling is done by ocean-water 

coming in at ambient 15”C and returned to the ocean at 20°C. Find the transfer 
out of the water and the transfer into the ocean-water of both energy and exergy 
(4 terms). 

Solution; 

C.V. Water line. No work but heat transfer out. 

Energy Eq.; = m (hj -h 2 ) = 10(2345.35 - 191.81) = 21 535 kW 

C.V. Ocean water line. No work but heat transfer in equals water heattransfer out 
Energy Eq.: q = h 4 - h 3 = 83.94 - 62.98 = 20.96 kJ/kg 

’^ocean ^ Qout /q = 21 535 / 20.96 = 1027.4 kg/s 
Exergy out of the water follows Eq. 10.37 

®out = m(Vi - mv2 ) = m [ hj - h 2 - To ( Si - S 2 ) ] 

= 10 [ 2345.35 - 191.81 - 288.15(7.4001 - 0.6492)] 

= 2082,3 kW 

Exergy into the ocean water 

• • • 

®ocean ~ ^ocean(V4 " V 3 ) ” ^ocean [ ^4 

= 1027.4 [20.96-288.15(0.2966 

= 189.4 kW 

Notice there is a large amount of energy exchanged but very little exergy. 


- h 3 - To(s 4 - S 3 )] 

- 0.2245)] 
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10.90 

Use the exergy equation to analyze the eompressor in Example 6.10 to find its 
seeond law effieieney assuming an ambient at 20°C. 

C.V. The R-134a eompressor. Steady flow. We need to find the reversible work 
and eompare that to the aetual work. 


rev 


Exergy eq.: 10.36: 0 = m(\|/i - m \|/2 ) + ^ 


W^omp = m [ h2 - hi - To ( S2 - Si ) ] 

= -WcLp - ( S2 - Si ) 


= 5 kW- 0.1 kg/s X 293.15 K X (1.7768 - 1.7665) 


kJ 


kgK 


= 4.7 kW 


'll / 'lU^^ 

Tin = -W / -W 

ui comp comp 


4J 

5 


= 0.94 


For a real deviee this is a little high. 
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10.91 

Consider the ear engine in Example 7.1 and assume the fuel energy is delivered at 
a eonstant 1500 K. The 70% of the energy that is lost is 40% exhaust flow at 900 
K and the remainder 30% heat transfer to the walls at 450 K goes on to the 

eoolant fluid at 370 K, finally ending up in atmospherie air at ambient 20°C. Find 
all the energy and exergy flows for this heat engine. Find also the exergy 
destruetion and where that is done. 


From the example in the text we get: Ql = 0.7 Qh = 233 kW 

This is separated into two fluxes: 

Qli =0.4Qh= 133kW @900 K 

Ql2 = 0.3 Qh= lOOkW @450 K 

= QL3=100kW @370 K 

= QL4=100kW @293 K 


Gases Steel Glyeol Air flow 
1500 K 450 K 370 K 293 K 



Radiator 


Assume all the fuel energy is delivered at 1500 K then that has an exergy of 



^)Qh = (i 



333 = 267.9 kW 
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10.92 

Estimate some reasonable temperatures to use and find all the fluxes of exergy in 
the refrigerator given in Example 7.2 

We will assume the following temperatures: 

Ambient: T = 20°C usually it is the kitehen air. 

LowT: T = 5°C (refrigerator) T=-10”C (freezer) 

= W = 150 W 

T T 

A /i o. X ^amb, A /V 

- (I - Qh - (I - T . ) Qh - 0 

^ H ^ amb 

®L = (l- ^)Ql = (1-P|)250 = -13.5W 

I.e. the flux goes into the eold spaee! Why? As you cool it T < and 
you increase its availability (exergy), it is further away from the ambient. 
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10.93 

Use the exergy equation to evaluate the exergy destruetion for Problem 10.44. 
A 2-kg pieee of iron is heated from room temperature 25 °C to 400°C by a heat 
souree at 600°C. What is the irreversibility in the proeess? 

Solution: 

C.V. Iron out to 600°C souree, whieh is a eontrol mass. 

Exergy Eq.10.42: O 2 - Oj = (1 - ^)iQ 2 - 1 W 2 + Po(V 2 - Vj) - 1 O 2 destr. 
To evaluate it we need the heat transfer and the ehange in exergy Eq. 10.43 

O 2 - ^1 = mpg(u2 - uj) + Po(V2 - Vj) - mp Jo(s2 - Sj) 

Energy Eq.5.11: mpg(u 2 - Uj) = 1 Q 2 - 1 W 2 
Proeess: Constant pressure => 1 W 2 = Pmpg(v 2 - Vj) 

^ 1 Q 2 = mpg(h 2 - hi) = mpgC(T 2 - Tj) = 2 x 0.42 x (400 - 25) = 315 kJ 


T 


1®2 destr. 


o 


= (1 - ^)iQ2 - 1 W 2 - mpg(u2 - Ui) + mpgTo(s2 - Sj) 

T 

^ (1 “ ^)iQ2 “ 1 Q 2 + niFeTo(S2 ■ Si) 

= (1 -p|) 315-315 + 2 x 0.42 x 298 In 


673 

298 


= 96.4 kJ 


Notiee the destruetion is equal to 1 I 2 = T^, Sggj^ 
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10.94 

Use the exergy balanee equation to solve for the work in Problem 10.33. 

A piston/eylinder has forees on the piston so it keeps eonstant pressure. It 
eontains 2 kg of ammonia at 1 MPa, 40°C and is now heated to 100°C by a 
reversible heat engine that receives heat from a 200°C source. Find the work out of 
the heat engine. 

Solution: 

To evaluate it we need the change in exergy Eq. 10.43 

= m3m(u2 - ui) + Po(V2 - Vi) - m^^To(s2 - Si) 

The work in Eq. 10.44 ( W = Wjjg + iW 2 pist) is from the exergy Eq. 10.42 

W = Po(V2 - Vi) + (1 - ^)iQ 2 - (®2 - ®l) - 0 

T 

= (1 - ^)iQ 2 - mam(U2 - Uj) + m^^To(S2 - Sj) 

Now we must evaluate the three terms on the RHS and the work iW 2 ^pisf 

State 1: Uj = 1369.8 kJ/kg, vj = 0.13868 m^/kg, Sj = 5.1778 kJ/kg K 

State 2: U 2 = 1490.5 kJ/kg, V 2 = 0.17389 m^/kg, S 2 = 5.6342 kJ/kg K 
iW2,pist = mamP(v2 ' Vj) = 2 X 1000 (0.17389 - 0.13868) = 70.42 kJ 


C.V. Heat engine and ammnia (otherwise we involve 
another Q) 

Entropy: m^^(s 2 - Sj) = 1 Q 2 /TH + 0 

1Q2 Tjj m3j^(s2 - Sj) 

= 473.15 X 2 (5.6342-5.1778) 

= 431.89 kJ 

Substitute this heat transfer into the work term 



298.15 


W = (1 - 431.89 - 2(1490.5-1369.8) + 2x298.15(5.6342-5.1778) 

= 159.74-241.4 + 272.15 = 190.49 kJ 
Wre. = W - iW2,pist = 190.49 - 70.42 = 120.0 kJ 
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Review Problems 


10.95 

A small air gun has 1 cm^ air at 250 kPa, 21°C. The piston is a bullet of mass 20 
g. What is the potential highest velocity with which the bullet can leave? 


Solution; 

The availability of the air can give the bullet kinetic energy expressed in the 
exergy balance Eq. 10.42 (no heat transfer and reversible), 


O 2 - ® 1 = m(u2 - ui) + Po(V2 - Vi) - mTo(s2 - Sj) = - 1 W 2 + Po(V2 - Vj) 


Ideal gas so: 


m = PV/RT = 


250 X 1 X 10-6 
0.287 X 300 


= 2.9 X 



The second state with the lowest exergy to give maximum velocity is the dead 
state and we take T^ = 20°C. Now solve for the work term 


1 W 2 = -m(u2 - ui) + mTo(s2 - Sj) 



= 2.9 X 10'^ [ 0.717(27 - 20) + 293.15 (1.004 in 


293 

300 


0.287 In 



= 0.0002180 kJ = 0.218 J = ^mbuUetVg^ 


= V 2 X 0.218/0.020 = 4.67 m/s 

Comment: Notice that an isentropic expansion from 250 kPa to 100 kPa will give 
the final air temperature as 230.9 K but less work out. The above process is not 
adiabatic but Q is transferred from ambient at T^. 



Sonntag, Borgnakke and van Wylen 


10.96 

Calculate the reversible work and irreversibility for the proeess deseribed in 
Problem 5.134, assuming that the heat transfer is with the surroundings at 20°C. 

C.V.: A + B. This is a eontrol mass. 

Continuity equation; m 2 - (m^j + m 3 i) = 0 ; 

Energy: m2U2 - niAiUAi - meiUBi = 1Q2 - 1 W 2 


System; if Vg > 0 piston floats 


Pg = Pri = const. 


B1 


if Vg = 0 then P 2 < Pgi and v = VA/mtot see P-V diagram 

P 


State Al; Table B. 1.1, x=l 

vai = 1.694 m3/kg, uai = 2506.1 kJ/kg 

mAi = Va/vai = 0.5903 kg 




^Bl ■*" 


a 


State Bl; Table B. 1.2 sup. vapor 
vgi = 1.0315 m^/kg, ugi = 2965.5 kJ/kg 

i^Bl ^ Vgj/vgi = 0.9695 kg => m 2 = m^oT ^ 1-56 kg 




At(T 2 ,Pgi) V 2 = 0.7163 > Va = VA/mtot = 0.641 so Vg 2 > 0 


so now state 2: P 2 = Pgi = 300 kPa, T 2 = 200 °C 

=> U 2 = 2650.7 kJ/kg and V 2 = m 2 V 2 = 1.56 x 0.7163 = 1.117 m^ 

(we eould also have cheeked T^ at; 300 kPa, 0.641 m^/kg => T = 155 °C) 


= f PgdVg = Pgi(V2 - Vi)g = Pbi(V2 - = -264.82 kJ 

1Q2 = m 2 U 2 - mAiUAi - mgiugi + 1W2 = -484.7 kJ 


From the results above we have : 

sai = 7.3593 kJ/kg K, sgj = 8.0329 kJ/kg K, S 2 = 7.3115 kJ/kg K 


1W2''' = T„(S 2 - St) - (U2 - Ui) + iQ 2(1 - T„/Th) 


= To(m2S2 - mAiSAi - mgiSgi) + 1 W 2 - 1 Q 2 T 0 /TH 

= 293.15 (1.5598 x 7.3115 -0.5903 x 7.3593 -0.9695 x 8.0329) 

+ (-264.82) - (-484.7) x 293.15 / 293.15 
= -213.3 - 264.82 + 484.7 = 6.6 kJ 

ih = lW2^'' - = 6.6 - (-264.82) = 271.4 kJ 
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10.97 

A piston/cylinder arrangement has a load on the piston so it maintains eonstant 
pressure. It eontains 1 kg of steam at 500 kPa, 50% quality. Heat from a reservoir 
at 700°C brings the steam to 600°C. Find the second-law efficiency for this 
process. Note that no formula is given for this particular case so determine a 
reasonable expression for it. 

Solution: 

1: Table B.1.2 Pj, xj ^ Vj = 0.001093 + 0.5x0.3738 = 0.188 m^/kg, 
hi = 640.21 + 0.5x2108.47 = 1694.5 kJ/kg, 
sj = 1.8606 + 0.5x4.9606 = 4.341 kJ/kg K 
2:P2 = Pi,T 2 ^ V2 = 0.8041, h2 = 3701.7 kJ/kg, S2 = 8.3521 kJ/kg K 
Energy Eq.: m(u 2 - Uj) = 1 Q 2 - 1 W 2 = 1 Q 2 - P(V 2 - Vj) 

1 Q 2 = m(u 2 - Ui) + Pm(v 2 - Vi) = m(h 2 - hi) = 2007.2 kJ 
1 W 2 = Pm(v2 - vi) = 308.05 kJ 

1 W 2 to atm = Pom(V 2 -Vi) = 61.61 kJ 

Useful work out = 1 W 2 - 1 W 2 ^ atm ^ 246.44 kJ 


A(^ 


reservoir 


( 298 15 

= (1 - TQ/Tjgs)iQ2 ~ ^'973.15 


2007.2 = 1392.2 kJ 


Pn = W„gi/A(^ = 0.177 
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10.98 

Consider the high-pressure elosed feedwater heater in the nuclear power plant 
described in Problem 6.102. Determine its second-law efficiency. 

For this case with no work the second law efficiency is from Eq. 10.25: 

hit = mieCv 18 - ¥i6ymi7(¥i7 ' ¥ 15 ) 

Properties (taken from computer software): 

h[kJ/kg] hi5 = 585 hi6 = 565 hjy = 2593 hjg = 688 

s[kJ/kgK] si 5 = 1.728 Si6= 1.6603 Si 7 = 6.1918 Si8= 1.954 

The change in specific flow availability becomes 
¥i8 - ¥i 6 = hi8 - hi6 - To(si 8 - Sjg) = 35.433 kJ/kg 
¥17 ■ ¥15 ^ ^17 - hi 5 - To(si 7 - S 15 ) = 677.12 kJ/kg 

Tin = (75.6 X 35.433)/(4.662 x 677.12) = 0.85 
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10.99 

Consider a gasoline engine for a oar as a steady devioe where air and fuel enters at 
the surrounding oonditions 25°C, 100 kPa and leaves the engine exhaust manifold 
at 1000 K, 100 kPa as produots assumed to be air. The engine oooling system 
removes 750 kJ/kg air through the engine to the ambient. For the analysis take the 
fuel as air where the extra energy of 2200 kJ/kg of air released in the oombustion 
process, is added as heat transfer from a 1800 K reservoir. Find the work out of 
the engine, the irreversibility per kilogram of air, and the first- and second-law 
efficiencies. 


C.V. Total out to reservoirs 


Energy Eq.: 
Entropy Eq.: 


niahi + Qh = + W + Qout 

^ ^ ^gen ~ ^a^s ^ Qou/"^0 


Air intake filter^^^^ 

Radiator 



Exhaust flow Coolant flow 


Burning of the fuel releases 

Qh Tjj. 

From the air Table A.7 


kJ/kg 


kJ/kg K 


hi =298.61 Sti = 6.8631 
h2 = 1046.22 Sti = 8.1349 


w^c = W/m^ = hj - h2 + qn - qout = 298.6 - 1046.22 + 2200 - 750 = 702.4 kJ/kg 


flTH = w/qn = 702.4/2200 = 0.319 


Oout 9 h 


gen 'p^ 'p 


= 8.1349-6.8631 + 


750 2200 


H 


298.15 ■ 1800 


= 2.565 kJ/kg K 


1 


tot 


(To)s 


gen 


764.8 kJ/kg 


For reversible case have ' _ n ... j _R 


Sgen = 0 and qo from Tq, no q^u, 


qo.in = To(s 2 - Si) - (To/TH)qH = 14.78 kJ/kg 


W 


= hi - h2 + qn + q^m = w^c + itot = 1467.2 kJ/kg 


flu ^ = 0.479 
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10.100 

Consider the nozzle in Problem 9.112. What is the seeond law effieieney for the 
nozzle? 

A nozzle in a high pressure liquid water sprayer has an area of 0.5 em . It receives 
water at 250 kPa, 20°C and the exit pressure is 100 kPa. Neglect the inlet kinetic 
energy and assume a nozzle isentropic efficiency of 85%. Find the ideal nozzle 
exit velocity and the actual nozzle mass flow rate. 

Solution; 

C.V. Nozzle. Liquid water is incompressible v « constant, no work, no heat 
transfer => Bernoulli Eq.9.17 

0 ■ ^e) = 0.001002 ( 250 - 100) = 0.1503 kJ/kg 

Vgx = y/2 X 0.1503 X 1000 J/kg = 17,34 m s 
This was the ideal nozzle now we can do the actual nozzle, Eq. 9.30 

Hx ac = 0 = 0-85 X 0.1503 = 0.12776 kJ/kg 

Vgx ac ^ k/2 X 0.12776 x 1000 J/kg = 15.99 m s 

The second law efficiency is the actual nozzle compare to a reversible process 
between the inlet and actual exit states. However here there is no work so the 
actual exit state then must have the reversible possible kinetic energy. 

1 2 

Energy actual nozzle: hj + 0 = hg + same Z, no q and no w. 


The reversible process has zero change in exergies from Eq. 10.36 as 


0 = 0- 0 + 0 + \i/i-\)/g-0 


1..2 


Vi = ¥e = hi + 0-ToSi = he+ ^'^exrev-ToSe 
2^ex rev “ (s^ - S^) — + Tq S 


2 ex ac 


o "^gen 


We can not get properties for these states accurately enough by interpolation 
to carry out the calculations. With the computer program we can get: 

Inlet; hj = 84.173 kJ/kg, sj = 0.29652 kJ/kg K 

Exit,s: hg, = 84.023 kJ/kg, Tg, = 19.998°C, = 0.15 kJ/kg 


Exit,ac: 2^exac ^ 0-1275 kJ/kg, hg = 84.173 - 0.1275 = 84.0455 kJ/kg 


(P, h) => Sg = 0.29659 kJ/kg K, T = 20.003°C 

Kx rev = Kx ac + Sgg^ = 0.1275 + 293.15(0.29659 - 0.29652) 

= 0.148 kJ/kg 
Tin = 0.1275/0.148 = 0.86 
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101 

Air in a piston/cylinder arrangement is at 110 kPa, 25°C, with a volume of 50 L. 

It goes through a reversible polytropie proeess to a final state of 700 kPa, 500 K, 
and exehanges heat with the ambient at 25°C through a reversible deviee. Find the 
total work (including the external device) and the heat transfer from the ambient. 

C.V. Total out to ambient 

ma(u2 - Ui) = 1 Q 2 - iW2,tot , m^(s2 - Si) = 1 Q 2 /T 0 

ma= no X 0.05/0.287 X 298.15 = 0.0643 kg 

1 Q 2 = Tom^(s 2 - Sj) = 298.15 x 0.0643[7.3869 - 6.8631 

-0.287 In (700/110)] =-0.14 kJ 

1 ^ 2,101 ^ 1 Q 2 ■ ■ ^l) 

= -0.14 - 0.0643 X (359.844 - 213.037) = -9.58 kJ 
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10.102 

Consider the irreversible proeess in Problem 8.128. Assume that the proeess 
eould be done reversibly by adding heat engines/pumps between tanks A and B 
and the eylinder. The total system is insulated, so there is no heat transfer to or 
from the ambient. Find the final state, the work given out to the piston and the 
total work to or from the heat engines/pumps. 


C.V. Water m^ + mg + heat engines. No Qexternal, only 1 W 2 ^yi 


+ Whe 


m 2 = m^i + mgi = 6 kg, m 2 U 2 - m^iUAi - mgiUgi = -iW 2 ,cyi - Whe 
m2S2 - niAiSAi - mgiSgi = 0 + 0 


Vai = 0.06283 Uai = 3448.5 s^i = 7.3476 Va = 0.2513 m^ 

Vbi = 0.09053 Ubi = 2843.7 Sgi = 6.7428 Vg = 0.181 Im^ 
m 2 S 2 = 4x7.3476 + 2x6.7428 = 42.876 ^82 = 7.146 kJ/kg K 
IfP 2 <Puft = 1.4 MPa then 

V 2 - = Va + Vg = 0.4324 m^ , V 2 - = 0.07207 m^/kg 

(Plift > S 2 ) ^ V 2 = 0.20135 ^ V 2 = 1.208 m^ > V 2 ’ OK 

^ P 2 = Plift = 1-4 MPa U 2 = 2874.2 kJ/kg 



= Plift(V 2 - Va - Vg) = 1400x(1.208 - 0.4324) = 1085.84 kJ 


Whe ~ I^Al^Al + ■ >^2^2 ■ lW2,cyl 


= 4 X 3447.8 + 2 X 2843.7 - 6 x 2874.2 - 1085.84 = 1147.6 kJ 
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10.103 

Consider the heat engine in Problem 10.79. The exit temperature was given as 
800 K, but what are the theoretieal limits for this temperature? Find the lowest 
and the highest, assuming the heat transfers are as given. For eaeh ease give the 
first and seeond law effieieney. 

The lowest exhaust temperature will occur when the maximum amount of 
work is delivered which is a reversible process. Assume no other heat 
transfers then 

2nd law: S; + + 0 = s^ + qJT^ 

Se ■ Si = Oh/Th - qm/Tm = s|g - S^j - R ln(Pg/Pi) 

Sje = Sxi + R ln(Pe/Pi) + Oh/Th ' Om/Tm 

= 6.86926 + 0.287 ln(100/100) + 1200/1500 - 300/750 
= 7.26926 kJ/kg K 

Table A.7.1 ^ Tg„,in = 446K, hg = 447.9 kJ/kg 

hi + 91500 = 9750 + hg + w 

Wrev = hi + 91500 " 9750 ‘ hg = 300.47 + 1200 - 300 - 447.9 
= 752.57 kJ/kg 


rev 752.57 


0.627 


The second law efficiency measures the work relative to the source of 
availability and not 91500 - So 


w,gy ^ 752.57 _ 752.57 

hii" (1- To/TH)qi5oo ~ (1 - 300/1500)1200 “ 960 


0.784 


The maximum exhaust temperature occurs with no work out 

hi + Oh = Om + hg ^ hg = 300.473 + 1200 - 300 = 1200.5 kJ/kg 
Table A.7.1 ^ Tg j„^^=1134K 


Now: w^g = 0 so 111= Tin^ 0 
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10.104 

Air in a piston/cylinder arrangement, shown in Fig. P10.104, is at 200 kPa, 300 K 

with a volume of 0.5 m . If the piston is at the stops, the volume is 1 m and a 
pressure of 400 kPa is required. The air is then heated from the initial state to 
1500 K by a 1900 K reservoir. Find the total irreversibility in the proeess 
assuming surroundings are at 20°C. 


Solution: 


Energy Eq.: 
Entropy Eq, 

Proeess: 

Information 

Eq. of state 


^(^2 - Uj) - 1Q2 - 1W2 

m(S 2 -Si) = /dQ/T+iS 2 gen 

P = Po + a(V-Vo) if V<V 

Pston = Pq + Ct(Vston-Vo) 


stop 


Tstop ~ T^PgtopVstop/PiVi - 1200 < T 


So the piston will hit the stops => V 2 = 

P 2 = (T2^Tstov) Pstop = (1500/1200) 400 = 500 kPa = 2.5 P 


1 


State I: 



PiVi 

mj 

200 x 0.5 
" 0.287 X 300 


= I.I6I kg 




- Vi) = ^200 + 400)(I - 0.5) = 150 



iQ2 = M(u2-Ui)+ iW2= 1.161(1205.25 -214.36)+ 150= 1301 kJ 
S 2 - Si = s °2 - Sji -Rln(P 2 /Pi) = 8.6I2I - 6.8693 - 0.287 In 2.5 = 1.48 kJ/kg K 

Take eontrol volume as total out to reservoir at Tj^§ 

1^2 gen tot ^ I^(S2 ‘ ^ 2 ) " 1 Q 2 /TRES ^ 1 -054 kJ/K 

il2 = To(iS2gen) = 293.15 X 1.034 = 303 kJ 
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A jet of air at 200 m/s flows at 25°C, 100 kPa towards a wall where the jet flow 
stagnates and leaves at very low veloeity. Consider the process to be adiabatic and 
reversible. Use the exergy equation and the second law to find the stagnation 
temperature and pressure. 

Solution: 

C.V. From free flow to stagnation point. Reversible adiabatic steady flow. 

• • • 

Exergy Eq. 10.36: 0 = mij/j - m\|/g - 

• • r • • • • 

Entropy Eq.: 0 = msj - mSg + J mdq/T + mSgg^ = msj - mSg + 0 + 0 

Process: Reversible ©destr. ^ Sgen ^ adiabatic q = 0 

1 2 

From exergy Eq.: \|/g - \|/j = 0 = hg - T^Sg - hj + T^sj - 


From entropy Eq.: Sg = Sj, so entropy terms drop out 


Exergy eq. now leads to: 


he'hi + jvf => Tj = Ti + jVi/Cp 


1 2002 J/kg 

^2 1004 J/kgK ^ 


Eq.8.32: 


P„ = 


Pi(Tg/Tg)'^-l = 100 


f213 + 44.92 




V 


273 +25 


1.4/0.4 


= 125.4 kPa 


/ 


State i is the free 
stream state. 

State e is the 
stagnation state. 
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Consider the light bulb in Problem 8.123. What are the fluxes of exergy at the 
various loeations mentioned? What are the exergy destruetion in the filament, the 
entire bulb ineluding the glass and the entire room ineluding the bulb? The light 
does not affeet the gas or the glass in the bulb but it gets absorbed on the room 
walls. 

A small halogen light bulb reeeives an eleetrieal power of 50 W. The small 
fdament is at 1000 K and gives out 20% of the power as light and the rest as heat 
transfer to the gas, whieh is at 500 K; the glass is at 400 K. All the power is 

absorbed by the room walls at 25°C. Find the rate of generation of entropy in the 
fdament, in the total bulb ineluding glass and the total room ineluding bulb. 


Solution: 

Wgi = 50 W 

Qrad=10W 

Qcond = 40 W 



We will assume steady state and no storage in the bulb, air or room walls. 
C.V. Filament steady-state 

Energy Eq.5.31: dE^.y/dt = 0 = W^i - Qraq - QcoND 


Entropy Eq.8.43: 


dSc.v./dt = 0 = 


W W 

Qrad Qcond 


T 


FILA 


T 


+ S 


FILA 


gen 


• • • • 

Sgen = (Qrad + QcondVTfila = Wgi/TpiLA 


50 


1000 


= 0.05 W/K 


C.V. Bulb ineluding glass 

Qrad leaves at 1000 K Qcond leaves at 400 K 

Sgen = -f dQ/T = -(-10/1000) - (-40/400) = 0.11 W/K 


C.V. Total room. All energy leaves at 25°C 


Eq.5.31: 

Eq.8.43: 


dEc.v./dt - 0 - Wgi - Qrad “ Qcond 


dSc.v ./dt = 0 = 


Qtot 

Twall 




Qtot 

Twall 


= 50/(25+273) = 0.168 W/K 
















Sonntag, Borgnakke and van Wylen 


Problems Solved Using Pr and vr Functions 

10.31 

An air compressor receives atmospheric air at Tq = 17°C, 100 kPa, and 
compresses it up to 1400 kPa. The compressor has an isentropic efficiency of 
88 % and it loses energy by heat transfer to the atmosphere as 10% of the 
isentropic work. Find the actual exit temperature and the reversible work. 

C.V. Compressor 

Isentropic: w,in, = hg,-hi ; , = Si 

Table A.7: P^^g ^ = Pr,i x (VPi) = 0-9917 x 14 = 13.884 

^ hgg = 617.51 kJ/kg 
Wc,in,s = 617.51 - 290.58 = 326.93 kJ/kg 
Actual: w^^n.ac = Wg,in,s/Pc = 371.51 ; = 32.693 kJ/kg 

w • + h- = h + Qi 

'^'^c,in,ac 1 e,ac Hloss 

=> = 290.58 + 371.51 - 32.693 = 629.4 kJ/kg 

=> T,,,, = 621K 

Reversible: w''®'' = h; - + ToCs^ .^c - sO 

= 290.58 - 629.4 + 290.15 x (7.6121 - 6.8357) 

= -338.82 + 225.42 = -113.4 kJ/kg 

Since is also to the atmosphere it is not included as it will not be 
reversible. 
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10.61 

An air compressor is used to eharge an initially empty 200-L tank with air up to 5 
MPa. The air inlet to the eompressor is at 100 kPa, 17°C and the eompressor 
isentropie effieieney is 80%. Find the total eompressor work and the ehange in 
availability of the air. 

Solution; 

C.V. Tank + compressor Transient process with constant inlet eonditions, no 
heat transfer. 

Continuity: m2 - m^ = m^^ ( m^ = 0 ) Energy: m2U2 = rni^hj^ - 1W2 
Entropy: m2S2 = mi„Sin + 1S2 gen 
Reversible compressor: 1S2 gen ^0 ^ ^2 ^ ^in 
State 1: Vj = RTj/Pi = 0.8323 m^/kg, 


O 


State inlet, Table A.7.1: hjjj = 290.43 kJ/kg, s^jj^ = 6.8352 kJ/kg K 

Table A.7.2 P^i^ = 0.9899 used for constant s process 
Table A.7.2 ^ P ,2 = Pnn(P 2 /Pm) = 0-9899 x (5000/100) = 49.495 

T 2 s = 855 K, U2^s = 637.2 kJ/kg 
iW2,s = K - U2,s = 290.43 - 637.2 = -346.77 kJ/kg 
Aetual eompressor: 1 W 2 ac iW2,s/'nc ^ -433.46 kJ/kg 
^2, AC ^ ■ 1^2, AC ^ 290.43 - (-433.46) = 723.89 kJ/kg 


Baekinterpolate in Table A.7.1 


T2 ,ac = 958 K, s°2 AC = 8-0867 kJ/kg K 



V 2 = RT 2 /P 2 = 0.055 m7kg 


m 2 = V 2 /V 2 = 3.636 kg ^ 1 W 2 = m2(iW2,Ac) = -1576 kJ 

- (^ 1 ) = m2[u2 - Uj + Po(V2 - Vj) - To(S 2 - Si)] 

= 3.636 [723.89 - 207.19 + 100(0.055 - 0.8323) - 290[8.0867 - 
6.8352 - 0.287 ln(5000/100)] = 1460.3 kJ 


Here we used Eq.8.28 for the ehange in entropy. 
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Concept-Study Guide Problems 


10.107 

A flow of air at 150 psia, 540 R is throttled to 75 psia. What is the irreversibility? 
What is the drop in flow availability? 

A throttle proeess is eonstant enthalpy if we negleet kinetie energies. 


Proeess: hg = hj 
Entropy Eq.: Sg - Sj 


so ideal gas => 

_ o o 

Sgen “ Sjg - S-p- - 




Eq.10.11: 


53.34 


75 


Sgen ^ ■ yyg In ^ 0.0475 Btu/lbm R 


i = Tq Sggji = 536.7 X 0.0475 = 25.49 Btu/lbm 


The drop in availability is exergy destruetion, which is the irreversibility 

A\|/ = i = 25.49 Btu/lbm 
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108 

A heat exchanger increases the availability of 6 Ibm/s water by 800 btu/lbm using 
20 Ibm/s air coming in at 2500 R and leaving with 250 Btu/lbm less availability. 
What are the irreversibility and the second law efficiency? 


C.V. Heat exchanger, steady flow 1 inlet 
and 1 exit for air and water each. The 
two flows exchange energy with no heat 
transfer to/from the outside. 



3 water 


The irreversibility is the destruction of exergy (availability) so 

i = ^destruction = ®in ' ®out = 20 x 250 - 6 x 800 = 200 Btu/s 
The second law efficiency, Eq. 10.32 

• 6 X 800 

hit = ®out / ®in = 20 X 250 ^ 
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10.109 


A heat engine reeeives 3500 Btu/h heat transfer at 1800 R and gives out 2000 
Btu/h as work with the rest as heat transfer to the ambient. What are the fluxes of 
exergy in and out? 


Exergy flux in: Ojj = 



536.7' ^ 

1800 j 


3500 Btu/h = 2456 btu/h 


Exergy flux out: 




• • 

The other exergy flux out is the power = W = 2000 Btu/h 


\ 1800R y 


Qjj = 3500 Btu/h 
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110 

A heat engine reeeives 3500 Btu/h heat transfer at 1800 R and gives out 2000 
Btu/h as work with the rest as heat transfer to the ambient. Find its first and 
seeond law effieiencies. 


First law effieiency is based on the energies 


Tll = W/Qh = 


2000 

3500 


The seeond law efficieney is based on work out versus availability in 


Exergy flux in: 0]_[ = 



536.7^ 

1800 j 


3500 Btu/h = 2456 btu/h 


W 2000 
^11“ . “2456 

Oh 


0.814 


Notiee the exergy flux in is equal to the Carnot heat engine power output given 
3500 Btu/h at 1800 R and rejeeting energy to the ambient. 


\ 


1800R 





Qjj = 3500 Btu/h 







W = 2000 Btu/h 


Q 


L 


Tamb 


\ 
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10.111 

A heat pump has a coefficient of performance of 2 using a power input of 15000 
Btu/h. Its low temperature is T^, and the high temperature is 180 F, with ambient 

at Tq. Find the fluxes of exergy associated with the energy fluxes in and out. 

First let us do the energies in and out 

Qh 

COP = P =- => Qh = p w = 2 X 15 000 Btu/h = 30 000 Btu/h 

W 


Energy Eq.; Ql = Qh - W = 30 000 - 15 000 = 15 000 Btu/h 


/ 


T 


N 


in: 

II 

e 

1 - 


\ 


in: 

©• 

II 

w = 




/ 

out: 

Oh = 


1 


o 


T 


Lj 


Ql = o 


(Tl = To) 


T 




O 


V 


T 






Qh = [i- 


536.7 

639.7 


30 000 = 4830 Btu/h 


/ 


Remark: It destroys 15 000 - 4830 = 10 170 Btu/h of exergy. 


\ 180F / 

1} Qh 
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10.112 

Find the second law efficiency of the heat pump in problem 10.111. 

The second law efficiency is a ratio of exergies namely what we want out 
divided by what we have to put in. Exergy from first term on RHS Eq. 10.36 



Qh = P W = 2 X 15 000 Btu/h = 30 000 Btu/h 



536.7^ 30 000 
639.7j 15 000 


0.32 


\ 180F / 

ff Q„ 



15 000 Btu/h 


/ 
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Available Energy, Reversible work 
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10.113 

A control mass gives out 1000 Btu of energy in the form of 

a. Electrical work from a battery 

b. Mechanieal work from a spring 

c. Heat transfer at 700 F 

Find the change in availability of the control mass for each of the three eases. 


Solution: 


a) Work is availability 

b) Work is availability 


AO = -Wgi = -1000 Btu 

AO = -W^rina = -1000 Btu 


c) Give the heat transfer to a Carnot heat engine and W is availability 


AO = - 




T 




1 - 


0 


V 


T 


/ 


W 


Qout ■ 1 " 


V 


537 

1160 


1000 = -537 Btu 


y 
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10.114 

The compressor in a refrigerator takes refrigerant R-134a in at 15 Ibf/in. , 0 F and 

compresses it to 125 Ibf/in. , 100 F. With the room at 70 F find the reversible heat 
transfer and the minimum compressor work. 

Solution: 

1 

C.V. Compressor out to ambient. Minimum work in 
is the reversible work. 

Steady flow, 1 inlet and 2 exit 

Energy Eq.: Wg = hj - h 2 + 

Entropy Eq.: S 2 = Sj + /dq/T + Sgg^ = Sj + q^^'^/Tp + 0 

=> = Tg(s2 - si) 

= 529.67 x (0.41262 - 0.42288) = -5.43 Btu/lbm 
Wgmin ^ - h 2 + Tq(s2- Sj) = 167.193 - 181.059 - 5.43 = -19.3 Btu/lbm 
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A heat engine reeeives 15 000 btu/h at 1400 R and 30 000 btu/h at 1800 R 
rejecting energy by heat transfer at 900 R. Assume it is reversible and find the 
power output. How much power could be produced if it could reject energy at 

= 540 R? 


Solution: 

C.V. The heat engine, this is in steady state. 
Energy Eq.: 0 = Qi + Q 2 “ Ql “ W 


Entropy Eq.: 


Q 2 Ql 

o-t^ + T2“t 




Now solve for Ql from the entropy equation 


Tl . Tl . 900 900 

Ql = Y:Qi +TrQ2 = T^x 15 000 + TTtTtx X 30 000 = 24 643 Btu/h 


1 


T 


1400 


1800 


Substitue into the enrgy equation and solve for the work term 


W = Ql + Q 2 - Ql = 15 000 +30 000 - 24 643 = 20 357 Btu/h 
For a low temperature of 540 R we can get 


Ql2 “ 



= 14 786 btu/h 


W = Ql + Q 2 - Ql = 15 000 + 30 000 - 14 786 = 30 214 Btu/h 


Remark: Notice the large increase in the power output. 
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Air flows through a constant pressure heating device as shown in Fig. PI0.32. It 
is heated up in a reversible process with a work input of 85 Btu/lbm air flowing. 
The device exchanges heat with the ambient at 540 R. The air enters at 540 R, 60 

Ibf/in. . Assuming eonstant speeifie heat develop an expression for the exit 
temperature and solve for it. 

C.V. Total out to Tq 

Energy Eq.: hj + qjf'' - = h 2 

Entropy Eq.: Sj + q[f7To = S 2 ^ Oo®''= To(s 2 - Sj) 

h 2 - hj = To(s 2 - Sj) - (same as Eq. 10.12) 

Constant Cp gives: Cp(T 2 - Tj) = TgCp In (T 2 /T 1 ) + 85 
The energy equation becomes 

T 2 - Toln(T 2 /Ti) = Ti + 85/Cp 
Ti = 540 R, Cp = 0.24 Btu/lbm R, Tq = 540 R 

T 2 - 540 In (T 2 / 54 O) = 540 + (85/0.24) = 894.17 R 

Now trial and error on T 2 

At 1400 R LHS = 885.56 R(too low) 

At 1420 R LHS = 897.9 R 

Interpolate to get T 2 = 1414 R (LHS = 894.19 R OK) 
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10.117 

A rock bed consists of 12 000 Ibm granite and is at 160 F. A small house with 
lumped mass of 24 000 Ibm wood and 2000 Ibm iron is at 60 F. They are now 
brought to a uniform final temperature with no external heat transfer by 
eonneeting the house and rock bed through some heat engines. If the process is 
reversible, find the final temperature and the work done during the proeess. 


Take C.V. Total (rockbed and heat engine) 


Energy Eq.: 
Entropy Eq.: 


mrock(U 2 - ui) + m 


WOO 


d(U2 - Ui) + mFg(U2 - Ui) = -1W2 


mrock(S2 - Si) + m 


woo 


d(S2 - Si) + mFe(S2 - S^ = 0 


T 2 T 2 "^2 

(mC)rockln ^ + (mC)^oodln + (mC)Feln ;^ = 0 

12000 X 0.212 In (T 2 / 6 I 9 . 67 ) + 24000 x 0.33 In (T2/519.67) 

+ 2000x 0.11 In (T2/519.67) = 0 


^ T2 = 541.9 R 

Now from the energy equation 

- 1 W 2 = 12 000 X 0.212(541.9 - 619.67) 

+ (24 000 X 0.33 + 2000 x 0.11)(541.9 - 519.67) 

^ iW 2 = 16 895Btu 
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Irreversibility 


10.118 

A constant pressure piston/cylinder contains 4 Ibm of water at 1000 psia and 200 
F. Heat is added from a reservoir at 1300 F to the water until it reaches 1300 F. 
We want to find the total irreversibility in the proeess. 


Solution: 

C.V. Piston cylinder out to the reservoir (inch the walls). 


Energy Eq.: m(u 2 - ui) = 1 Q 2 - 1 W 2 
Entropy Eq.: m(s 2 - s 1 ) = 1 Q2/Tres + 1 §2 gen 
State 1: hj = 168.07 Btu/lbm, sj = 0.294 Btu/lbm R 
State 2: h 2 = 1676.53 Btu/lbm, S 2 = 1.7593 Btu/lbm R 
Process: P = C => iW 2 = P(V 2 -Vi) 

From the energy equation we get 

1Q2 = m(u2 - ui) + 1W2 = m(h2 - hj) 



= 4(1676.53 - 168.07) = 6033.8 Btu 

From the entropy equation we get 

1Q2 6033.8 

1^2 gen “ ^(^2 " ®l) ~ ^ ~ 4(1.7593 — 0.294) - j _{_ ^3QQ 

res 

= 2.4323 Btu/R 


Now the irreversibility is from Eq. 10.19 

1 I 2 = m ii 2 = Tq 1 S 2 gen = 536.7 R x 2.4323 Btu/R = 1305 Btu 













Sonntag, Borgnakke and van Wylen 


10.119 

A supply of steam at 14.7 Ibf/in. , 320 F is needed in a hospital for cleaning 

purposes at a rate of 30 Ibm/s. A supply of steam at 20 Ibf/in. , 500 F is available 

from a boiler and tap water at 14.7 Ibf/in. , 60 F is also available. The two sources 
are then mixed in a mixing chamber to generate the desired state as output. 
Determine the rate of irreversibility of the mixing process. 


C.V. Mixing chamber 


Continuity Eq.: 


mi + m2 = m3 


Energy Eq.: 


mihi + m2h2 = m3h3 


Entropy Eq.: miSi + m 2 S 2 + Sgg^ = m 3 S 3 

Table properties 

F.7.1 hj = 28.08 Btu/lbm, Si = 0.05555 Btu/lbm R 
F.7.2 h 2 = 1286.8 Btu/lbm, S 2 = 1.8919 Btu/lbm R 
F.7.2 h 3 = 1202.1 Btu/lbm, S 3 = 1.828 Btu/lbm R 


From the energy equation we get 


m2/m3 = (h3 - hi)/(h2 - hj) = 


1202.1 -28.08 
1286.8 -28.08 


0.9327 


m 2 = 27.981 Ibm/s , mi = 2.019 Ibm/s 

From the entropy equation we get 

i = ToSgen = To(m 3 S 3 ' ^iSi - 111282) 

= 536.67 X (30 x 1.828 - 2.019 x 0.05555 - 27.981 x 1.8919) = 961 Btu/s 
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10.120 

Fresh water ean be produced from saltwater by evaporation and subsequent 
condensation. An example is shown in Fig. PI0.42 where 300-lbm/s saltwater, 
state 1, comes from the condenser in a large power plant. The water is throttled to 
the saturated pressure in the flash evaporator and the vapor, state 2 , is then 
condensed by cooling with sea water. As the evaporation takes place below 
atmospheric pressure, pumps must bring the liquid water flows back up to Pq. 

Assume that the saltwater has the same properties as pure water, the ambient is at 
68 F, and that there are no external heat transfers. With the states as shown in the 
table below find the irreversibility in the throttling valve and in the condenser. 


State 1 2 3 4 5 6 7 8 

r[F] 86 77 77 - 74 - 63 68 

• • • 

C.V. Valve: m^ = mg^ = m 2 + m 3 . 

Energy Eq.: hj = hg ; Entropy Eq.: Si + Sggjj = Sg 

hj = 54.08 S; = 0.1043 Btu/lbm R, P 2 = Psat(T 2 = T 3 ) = 0.4641 psia 
hg = hi ^ Xg = (54.08 -45.08)/1050.0 = 0.008571 
^ Sg = 0.08769 + 0.008571 x 1.9565 = 0.1045 Btu/lbm R 


m 2 = (1 - Xg) m; = (1 - 0.008571) 300 = 297.44 Ibm/s 
Sggn = Sg - Sj = 0.1045 - 0.1043 = 0.0002 Btu/lbm R 


i = mTgSggn = 300 X 528 x 0.0002 = 31.68 Btu/s 
C.V. Condenser. 

State 2 5 7 

h Btu/lbm 1095.1 42.09 31.08 

s Btu/lbm R 2.044 0.0821 0.0613 

• • • • 

Energy Eq.: m 2 h 2 + myh -7 = m 2 h 5 + m^hg ^ 


8 

36.09 

0.0708 


my = m 2 X (h 2 - h 5 )/(hg - hy) = 297.44 


1095.1 -42.09 
36.09- 31.08 


= 62516 



Entropy Eq.: mySy + mySy + Sgg^ = m 2 S 5 + mySg 

i = ToSgen = To[m2(S5 ' § 2 ) + myCsg - Sy)] 

= 528 [297.44(0.0821 - 2.044) + 62516(0.0708 - 0.0613)] 
= 528 X 10.354 = 5467 Btu/s 
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Calculate the irreversibility for the process deseribed in Problem 6.175, assuming 
that the heat transfer is with the surroundings at 61 F. 

C.V. Cylinder volume. 

Continuity Eq.6.15: m 2 - mj = m^^ 


Energy Eq.6.16: m 2 U 2 - mjUi = minhpne + 1 Q 2 ' 1 W 2 

Process: Pj is constant to stops, then eonstant V to state 2 at P 2 

PlV 45 X 9 X 144 

State 1: Pi,Ti mi _ = 2.104 Ibm 

^ ^ ^ Rlj 53.34 x 519.7 


Open to: P 2 = 60 Ibf/in^ 

Table F.5: 

hj = 266.13 btu/lbm 

uj = 88.68 Btu/lbm 

uo = 107.62 Btu/lbm 



45 Ibf/in^ 
60°F 
9 ft^ 

= 36 ft^ 


P = P 1 until V = Vgtop eonstant V 

1 W 2 = /PdV = Pi(Vstop - Vi) = 45 X (36 - 9)^ = 224.9 Btu 


60 X X 144 

”2 = P2V2/RT2 = 3334 , ,30 = 9.256 Ibm, 


mj = 7.152 Ibm 


1 Q 2 = m 2 U 2 - miui - mi hi + 1 W 2 


= 9.256 X 107.62 - 2.104 x 88.68 - 7.152 x 266.13 + 224.9 


= -868.9 Btu 

I = Tq Sgen so apply 2nd law out to Tq = 61 F = 520.7 R 

m 2 S2 - misi = miSi + 1 Q 2 / To + iS2gen 
ToSgen = Tq ( m2 S2 - miSj - mi sj) - 1Q2 

Use from table F.4: Cp = 0.24, R = 53.34 / 778 = 0.06856 Btu/lbm R, 

ToSgen = I = To [ mi (S2 - Si) + mi (s2 - si)] - 1 Q 2 


= 520.7[2.104(Cp In 


630 . 60 , 630 

519^7 - R In 45 ) +7.152(Cpln ^ 




- (- 868.9) 

= 520.7 (0.05569 - 0.8473) + 868.9 

= 456.7 Btu 
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A 4-lbm piece of iron is heated from room temperature 77Fto 750Fbya heat 
source at 1100 F. What is the irreversibility in the process? 


C.V. Iron out to 1100 F source, which is a control mass. 
Energy Eq.: mFg(u 2 - Uj) = 1 Q 2 - 1 W 2 

Entropy Eq.: mFg(s 2 - s jj Q 2 /Tres + 1 §2 gen 

Process: Constant pressure => 1 W 2 = PmFg(v 2 - Vj) 

^ 1Q2 ~'^Fe (^2 ■ ^l) “ ■ Ti) 

1 Q 2 = 4 X 0.107 X (750 - 77) = 288.04 Btu 


1^2 gen “ niFe(^2 ' ^i) ' lQ2/Tres “ l^^Fe^ (T2/T1) ' lQ2/Tres 


= 4 X 0.107 X In 


1209.67 

536.67 


288.04 

1559.67 


= 0.163 Btu/R 


1 I 2 = To ( 1 S 2 gen ) = 536.67 X 0.163 = 87.57 Btu 



A real flame may be more than HOOF, 
but a little away from it where the gas 
has mixed with some air it may be 


1100 F. 









Sonntag, Borgnakke and van Wylen 


10.123 


Air enters the turboeharger compressor of an automotive engine at 14.7 Ibf/in , 90 

F, and exits at 25 Ibf/in , as shown in Fig. PI0.45. The air is cooled by 90 F in an 
intercooler before entering the engine. The isentropic efficiency of the 
compressor is 75%. Determine the temperature of the air entering the engine and 
the irreversibility of the compression-cooling process. 

Solution: 


a) Compressor. First ideal which is reversible adiabatic, constant s: 

n k-i 

^2\T { 25 \ 0.286 

T.. = T.| —) =550(^t^J =640.2R 


2 s 




-Ws = Cpo(T 2 s - Tj) = 0.24(640.2 - 550) = 21.65 Btu/lbm 
Now the actual compressor 

-w= - w,/ri, = 21.65/0.75 = 28.87 = Cpo(T 2 - Tj) = 0.24(T2 - 550) 

=> T 2 = 670.3 R 


Cool down 90 F 


T 3 = 670.3 - 90 = 580.3 R 


b) Irreversibility from Eq.10.13 with rev. work from Eq.10.12, (q = 0 at Tfj) 

580.3 53.34 25 

S 3 - Sj = 0.24 In - yyg lnY 4 ^= -0.0235 Btu/lbm R 

i = T(S 3 - Si) - (h 3 - hi) - W = T(S 3 - Si) - Cp(T 3 - Ti) - Cp(Ti - T 2 ) 

= 550(-0.0235) - 0.24(-90) = +8.7 Btu/lbm 
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A rock bed consists of 12 000 Ibm granite and is at 160 F. A small house with 
lumped mass of 24 000 Ibm wood and 2000 Ibm iron is at 60 F. They are now 
brought to a uniform final temperature by eirculating water between the roek bed 
and the house. Find the final temperature and the irreversibility in the process 
assuming an ambient at 60 F. 


C.V. Total Roekbed and house. No work, no Q irreversible process. 


Energy eq.: m^ockCui - Uj) + m 


WOO 


d(u2 - ui) + mpg(u2 - ui) = 0 


Entropy Eq.: - Sj) + m^ood(s 2 - N) + mFe(s 2 - N) = S 


gen 


T2 , T2 , . T2 


(mC)rockln ^ + (mC)^oodln + (mC)Fgln 

Energy eq.: (mC)rock(T 2 - 160) + (mC^^j^d + mCFe)(T 2 - 60) = 0 
12 000 xO.212 (T 2 - 160) + (24 000 xO.33 + 2000 xO.l 1)(T2 - 60) = 0 

2544 (T 2 - 160) + (7920 + 220)(T2 - 60) = 0 

T 2 = 83.8 F = 543.5 R 

^2 ^2 ^2 

Sgen = ' Si)i = (mC)rockln + (mC)^oodln ^ + (mC)Fgln 


543.5 


543.5 


= 2544 In ^rj + (7920 + 220) In = 35.26 Btu/R 
1 I 2 = ToSgen = 519.67 X 35.26 = 18324 Btu 
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10.125 

A steady stream of R-22 at ambient temperature, 50 F, and at 110 Ibf/in. enters a 

solar collector. The stream exits at 180 F, 100 Ibf/in. . Calculate the change in 
availability of the R-22 between these two states. 

Solution: 






cb 




U inlet SOEAR COEEECTOR g^i^ 



Inlet Table F.9.1 (liquid): h; = 24.275 Btu/lbm, Sj = 0.0519 Btu/lbm R 
Exit Table F.9.2 (sup. vap.): hg = 132.29 Btu/lbm, Sg = 0.2586 Btu/lbm R 
From Eq. 10.24 or 10.37 

AVie = Ve - Vi = (he ' hj) - To(Sg - Sj) 

= (132.29 - 24.275) - 510 (0.2586 - 0.0519) 

= 2,6 Btu/lbm 
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Consider the springtime melting of ice in the mountains, which gives cold water 
running in a river at 34 F while the air temperature is 68 F. What is the 
availability of the water relative to the temperature of the ambient? 

\|/ = hj - ho - To(si - Sq) flow availability from Eq. 10.19 

Approximate both states as saturated liquid 

v|/ = 1.9973 - 36.088 - 527.67 x (0.00405 - 0.07081) = 1.136 Btu/lbm 

Why is it positive? As the water is brought to 68 F it can be heated with qL 
from a heat engine using qjj from atmosphere = Tq thus giving out work. 
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'y 

A geothermal source provides 20 Ibm/s of hot water at 80 Ibf/in. , 300 F flowing 

y 

into a flash evaporator that separates vapor and liquid at 30 Ibf/in. . Find the three 
fluxes of availability (inlet and two outlets) and the irreversibility rate. 

C.V. Flash evaporator chamber. Steady flow with no work or heat transfer. 


Cont. Eq.: rhi = 1112 + m 3 ; 

• • • 

Energy Eq.: m^h^ = m 2 h 2 + rn 3 h 3 

• • • • 

Entropy Eq.: mjSj + Sgg^ = m 2 S 2 + m 3 S 3 

Properties from Table F.7.1 

ho = 45.08, hi =269.73, h 2 = 1164.3, 63 = 218.9 Btu/lbm 

So = 0.08769, Si =0.4372, S 2 = 1.6997, S 3 = 0.36815 Btu/lbm R 

• • hi - h 3 

hi = xh 2 + (1 - x) 63 => x = m 2 /mi=j^^—j^ = 0.05376 

^ 3 

m 2 = xmi = 1.075 Ibm/s m 3 = (l-x)mi = 18.925 Ibm/s 

Sgen= 1-075 X 1.6997 + 18.925 x 0.36815 - 20 x 0.4372 = 0.0504 Btu/s-R 
Flow availability Eq. 10.22: \|/ = (h - TqS) - (Eq - TqSq) = h - Eq - TqCs - Sq) 
\|/1 = 269.73 - 45.08 - 537 x (0.4372 - 0.08769) = 36.963 Btu/lbm 
1^2 = 1164.3 - 45.08 - 537 x (1.6997 - 0.08769) = 253.57 Btu/lbm 
\y 3 = 218.9 - -45.08 - 537 x (0.36815 - 0.08769) = 23.21 Btu/lbm 

mi \j/i = 739.3 Btu/s m 2 \i /2 = 272.6 Btu/s m 311/3 = 439.3 Btu/s 

• • • • 

I = mi \)/i - m 2 \|/2 - m 3\|/3 = 27.4 Btu/s 
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7 

An air compressor is used to charge an initially empty 7-ft tank with air up to 

750 Ibf/in.^. The air inlet to the compressor is at 14.7 Ibf/in.^, 60 F and the 
compressor isentropic effieiency is 80%. Find the total eompressor work and the 
change in energy of the air. 

C.V. Tank + compressor (eonstant inlet conditions) 


Continuity: m 2 - 0 = mj^j 


Energy: m 2 U 2 = mj^hin - 1 W 2 


Entropy: m 2 S 2 = + j S 2 gen 

To use isentropie efficieney we must ealc. ideal deviee 
Reversible eompressor: 1 S 2 qen ^ 0 


§2 = Si 


in 


p 53 34 750 

Sj 2 = SjiQ + R ln(^) = 1.6307 + yyg x In (ttt) = 1.9003 


Btu 


14.7 


IbmR 


^ T 2 ,s = 1541 R U2,s = 274.49 Btu/lbm 
^ 1 ^ 2,8 - U 2 ^s = 124.38 - 274.49 = -150.11 Btu/lbm 

Aetual eompressor: 1 W 2 ac ^ iW2,s/'nc ^ -187.64 Btu/lbm 

U2,AC ^ hjjj - 1 W 2 AC = 312 ^ T 2 AC ^ 1729 R 


Final state 2 u, P 


V 2 = RT 2 /P 2 = 0.854 ft3/lbm 


m 2 = V 2 /V 2 = 8.2 Ibm 


^ 1 W 2 = m 2 (iW 2 ,Ac) = -1539 Btu 

^ 2(^2 - ^ 1 ) = ^2 [U2 - Uj + Po(V2 - Vj) - To(S 2 - Sj) ] 


144 


= 8.2 [312 - 88.733 + 14.7(0.854 - 13.103):^ - 520^1.9311 



. . 53.34, 750 

- 1.63074 - yyg Inj^ 



= 8.2 x 173.94 = 1426.3 Btu 
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An electric stove has one heating element at 600 F getting 500 W of electric power. 
It transfers 90% of the power to 2 Ibm water in a kettle initially at 70 F, 1 atm, the 
rest 10% leaks to the room air. The water at a uniform T is brought to the boiling 
point. At the start of the process what is the rate of availability transfer by: a) 
electrical input b) from heating element and c) into the water at 


We take here the reference T to be the room 70 F = 529.67 R 


a) Work is availability 6 = W = 500 W 

b) Heat transfer at 600 F is only partly availability 


o = 




T 




1 - 


o 


V 


T 




w 


Q= 1- 

V 


529.67 




459.67 + 600 


500 = 250 W 


y 


c) Water receives heat transfer at 70 F as 90% of 500 W = 450 W 




T 


water7 



529.67 
459.67 + 70j 


450 = 0 W 



500 W at 600 F 
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A 20-lbm iron disk brake on a car is at 50 F. Suddenly the brake pad hangs up, 
increasing the brake temperature by friction to 230 F while the car maintains 
constant speed. Find the change in availability of the disk and the energy 
depletion of the car’s gas tank due to this process alone. Assume that the engine 
has a thermal efficiency of 35%. 

All the friction work is turned into internal energy of the disk brake. 

m(u 2 - Uj) = jQ 2 - 1W2 ^ 1Q2 = mpgCpg(T 2 - Tj) 

1 Q 2 = 20 X 0.107 X (230 - 50) = 385.2 Btu 
Neglect the work to the surroundings at Pq 

= 20 X 0.107 X In = 0.6469 Btu/R 

No change in kinetic or potential energy and no volume change so 
Acj) = m(u 2 - Uj) - TQm(s 2 - Sj) = 385.2 - 510 x 0.6469 = 55,28 Btu 

Wengine = hthQgas = 1 Q 2 = Friction work 

Qgas ^ iQi^Oth ^ 385.2/0.35 = 1100 Btu 


m(s 2 - Sj) = mC ln(T 2 / Tj) 
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Calculate the availability of the system (aluminum plus gas) at the initial and final 
states of Problem 8.183, and also the irreversibility. 

State 1: Ti =400 F vi = 2/2.862 = 0.6988 Pi=300psi 

Ideal gas V 2 = vi(300 / 220)(537 / 860) = 0.595 ; Vq = 8.904 = RTo / Pq 

The metal does not ehange volume so the terms as Eq. 10.22 are added 
(j) 1 = nigas(t)gas + niAl^ A1 

Ti Pi 

~ ^^gas^v (Tl - Tq) - iHgagTo [Cp In - R In ] + mg^gPo (vi - Vq) 

+ mAl [C (Ti - To) - ToC In (Ti / To) JaI 

860 35.1 300 

=2.862[0.156(400-77)- 537(0.201 In^-^lny^) 

+ 14.7 (0.6988 - 8.904 )(^ ) ] + 8 x 0.21 [ 400 -77 - 537 In ||| ] 

= 143.96+ 117.78 = 261.74 Btu 

537 35 1 220 

^2 = 2.862[ 0.156(77 -77)- 537 (0.201 In^-^ ^^ 147 ) 

144 537 

+ 14.7(0.595 - 8.904 )] + 8 x 0.21 [ 77 -77 - 537 In ^ ] 


= 122.91 +0 = 122.91 Btu 

1 I 2 = ^1 - (^2 + (1 - VTh )iQ2 - 1 W 2 AC + Pom( V2 - Vi) 

= 261.74 - 122.91 + 0 - (-14.29) + 14.7 x 2.862 x ^ ( 0.595 - 0.6988) 

= 152.3 Btu 

[(Sgen = 0.2837 Btu/R ToSggn =152.3 so OK ] 
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A wood bucket (4 Ibm) with 20 Ibm hot liquid water, both at 180 F, is lowered 
1300 ft down into a mineshaft. What is the availability of the bucket and water 
with respeet to the surfaee ambient at 70 F? 


C.V. Bueket and water. Both thermal availability 
and potential energy terms. 

Vj » Vq for both wood and water so work to atm. 
is zero. 


Use eonstant heat eapaeity table F.2 for wood and 
table F.7.1 (sat. liquid) for water. 

From Eq. 10.27 



■ ^0 “ ^^wood[ui ■ ^0 "ToCsi - So)] + mH2Q[ui - Uq -To(si - Sq)] + m(o(g(zi -Zq) 

640 

= 4[0.3(180-70)- 0.3 x 530 In^] +20[147.76 - 38.09 

- 530(0.263 - 0.074)] + 24 x 32.174 x (-1300 / 25 037) 

= 12.05 + 199.3 - 40.1 = 171.25 Btu 


Reeall 1 Btu/lbm = 25 037 ft^/s^ 
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A coflowing (same direction) heat exehanger has one line with 0.5 Ibm/s oxygen 
at 68 F and 30 psia entering and the other line has 1.2 Ibm/s nitrogen at 20 psia 
and 900 R entering. The heat exchanger is long enough so that the two flows exit 
at the same temperature. Use eonstant heat capacities and find the exit 
temperature and the second law efficiency for the heat exchanger assuming 
ambient at 68 F. 


Solution: 

C.V. Heat exehanger, steady 2 
flows in and two flows out. 



Energy Eq.6.10: 


mo2hi + mN 2 h 3 = mo2h2 + 111^2114 


Same exit tempearture so 


T 4 = T 2 with values from Table F.4 


02T1 + mN2Cp N2T3 - (mo2Cp 02 + l^N2Cp N2)T2 



0.5 X 0.22 X 527.7 + 1.2 x 0.249 x 900 

0.5 x 0.22+ 1.2 x 0.249 


326.97 
0.4088 “ 


The second law efficiency for a heat exchanger is the ratio of the availability gain 
by one fluid divided by the availability drop in the other fluid. For each flow 
availability is Eq. 10.24 include mass flow rate as in Eq. 10.36 

For the oxygen flow: 

• • 

mo2('F2 - Vl ) = mo2 [ h2 - hj - Tq ( S 2 - Sj ) ] 


= ^02 [ Cp(T 2 - Ti) - To [ Cp ln(T 2 / Tj) - R ln(P 2 / Pi) ] 


= i;i 02 Cp[T 2 -Ti-Toln(T 2 /Ti)] 

= 0.5 X 0.22 [ 800 - 527.7 - 536.7 ln(800/527.7) ] 
= 5.389 Btu/s 

For the nitrogen flow 

'^N 2 (V 3 ■ V4 ) = ^^N 2 Cp [ T 3 - T 4 - Toln(T 3 / T 4 ) ] 

= 1.2 X 0.249 [ 900 - 800 - 536.7 ln(900/800) ] 

= 10.992 Btu/s 
From Eq. 10.30 
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Law 


mo2(Vi - V 2 ) 
mN2(V3 - V 4 ) 


5.389 

10.992 


0.49 
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A steam turbine has an inlet at 600 psia, and 900 F and actual exit of 1 atm with x 
= 1.0. Find its first law (isentropic) and the second-law efficiencies 

Solution: 

C.V. Steam turbine 

Energy Eq.6.13: w = hj - hg 

Entropy Eq.9.8: Sg = Sj + Sgg^ 

Inlet state: Table F.7.2 hj = 1462.92 Btu/lbm; sj = 1.6766 Btu/lbm R 

Exit (actual) state: F.7.2 hg = 1150.49 Btu/lbm; Sg = 1.7567 Btu/lbm R 

Actual turbine energy equation 

w = hi - hg = 312.43 Btu/lbm 

Ideal turbine reversible process so Sggjj = 0 giving 

Sgs = Sj = 1.6766 = 0.3121 + Xg^ x 1.4446 

Xgs = 0.94455, hgs = 180.13 + 0.94455 x 970.35 = 1096.67 

The energy equation for the ideal gives 

Wg = hi - hgs = 366.25 Btu/lbm 

The first law efficiency is the ratio of the two work terms 

Tjg = w/Wg = 312.43/366.25 = 0.853 

The reversible work for the actual turbine states is, Eq.10.9 

= (hi - hg) + To(Sg - Si) 

= 312.43 + 536.7(1.7567 - 1.6766) 

= 312.43 + 42.99 = 355.4 Btu/lbm 
Second law efficiency Eq. 10.29 

ri 2 "‘i Law ^ w/Wj.gv = 312.43/355.4 = 0.879 
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A compressor is used to bring saturated water vapor at 103 Ibf/in. up to 2000 

Ibf/in. , where the actual exit temperature is 1200 F. Find the irreversibility and 
the second law efficiency. 

Inlet state: Table F.7.1 h; = 1188.4 Btu/lbm, Sj = 1.601 Btu/lbm R 
Actual compressor F.7.2: hg = 1598.6 Btu/lbm, Sg = 1.6398 Btu/lbm R 
Energy Eq. actual compressor: -Wg = hg - h| = 410.2 Btu/lbm 

Eq.10.14: i = To(Sg - Sj) = 536.67 x (1.6398 - 1.601) = 20.82 Btu/lbm 
Eq.10.13: Wj-g^ = i + Wg ^c = 20.82 + (-410.2) = -389.4 Btu/lbm 

Till = -Wrev/(-Wg ag) = 389.4 / 410.2 = 0.949 
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The simple steam power plant in Problem 6.167, shown in Fig P6.99 has a turbine 
with given inlet and exit states. Find the availability at the turbine exit, state 6. 
Find the seeond law effieiency for the turbine, negleeting kinetie energy at state 5. 

Properties from Problem 6.167 and s values from F.7.2. 

hg = 1029, h 5 = 1455.6, ho = 45.08 all in Btu/lbm 

S 5 = 1.6408, Sg= 1.8053, So= 0.08769 all in Btu/lbm R 

Kinetie energy at state 6: KEg = 0.5Vg = 600^ /(2 x 25 037) = 7.19 Btu/lbm 
Reeall 1 Btu/lbm = 25 037 ft^/s^ 


v)/g = hg + KEg - ho - Tq ( Sg - Sq ) = 61.26 Btu/lbm 
wrev = . hg . Xo( Sg - Sg ) =515.2 Btu/lbm 

wAC = hg - hg = 426.9 Btu/lbm 

Tin= wac/wrev = 426.9/515.2 = 0.829 
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'y 

Steam is supplied in a line at 400 Ibf/in. , 1200 F. A turbine with an isentropie 
efficiency of 85% is connected to the line by a valve and it exhausts to the 

9 7 

atmosphere at 14.7 Ibf/in. . If the steam is throttled down to 300 Ibf/in. before 
entering the turbine find the actual turbine specific work. Find the change in 
availability through the valve and the second law efficiency of the turbine. 

C.V. Valve: Energy Eq.: h 2 = hj = 1631.79 Btu/lbm, 

Entropy Eq.: S 2 > Sj = 1.8327 Btu/lbm R, 


State 2: h 2 , P 2 

^ S 2 = 1.86407 Btu/lbm R 

Ideal turbine: 

S 3 = S 2 ^ h 35 = 1212.28 Btu/lbm 


^T.s ^ ^^2 ■ ^3s = 419.51 Btu/lbm 

Actual turbine: 

Wj.ac ^ fiTWT,s ^ 356.58 Btu/lbm 


^^ 3 ac ^ ^2 ■ Wxac ^ 1275.21 Btu/lbm ^ S 3 aj, = 1.9132 Btu/lbm R 

V 2 - Vi = h 2 - hi - To(s 2 - Si) 

= 0 - 536.67(1.86407 - 1.8327) = -16.835 Btu/lbm 
w’’®'' = V 2 - V 3 = 1631.79 - 1275.21 - 536.67(1.86407 - 1.9132) 

= 382.95 Btu/lbm 

fin = Wac/w''"'' = 356.58/382.95 = 0.931 
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Air flows into a heat engine at ambient eonditions 14.7 Ibf/in. , 540 R, as shown 
in Fig. PI0.79. Energy is supplied as 540 Btu per Ibm air from a 2700 R souree 
and in some part of the proeess a heat transfer loss of 135 Btu per Ibm air happens 

at 1350 R. The air leaves the engine at 14.7 Ibf/in.^, 1440 R. Find the first- and 
the seeond-law efficieneies. 

C.V. Engine out to reservoirs 

hi + Oh = Ol + hg + w 

Table F.5: hj = 129.18 Btu/lbm, Sjj = 1.63979 Btu/lbm R 

hg = 353.483 Btu/lbm, s^g = 1.88243 Btu/lbm R 
Wag = 129.18 + 540 - 135 - 353.483 = 180.7 Btu/lbm 

tith ^ w/qjj = 180.7/540 = 0.335 
For seeond law effieiency also a q to/from ambient 

Si + (Oh/Th) + (Oo/To) = (qioss/Tm) + Sg 

9o = To[Sg - Si + (qioss/Tm) - (Oh/Th)] 

= 540(^1.88243 - 1.63979 + = 77.02 Btu/lbm 

Wrev = hi - hg + qn - qioss + 90 = Wac + qo = 257.7 Btu/lbm 
'Hii = Wag/w^gy = 180.7/257.7 = 0.70 
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Exergy Balance Equation 
10.139 

A heat engine operating with an evironment at 540 R produees 17 000 Btu/h of 
power output with a first law efficieney of 50%. It has a seeond law effieieney of 
80% and Tl = 560 R. Find all the energy and exergy transfers in and out. 

Solution: 

From the definition of the first law efficieney 

17 000 

Qh = W / p = Qg = 34 000 Btu/h 
Energy Eq.: Ql = Qh - W = 34 000- 17 000 = 17 000 Btu/h 

= w = 17 000 Btu/h 

• • 

From the definition of the second law efficiency p = W/Ojj 

To . 17 000 

Oh = (1 - Qh = Qg = 21 250 Btu/h 

= (1 - Ql = (1 - 17 000 = 607 Btu/h 

Notice from the form we could find the single characteristic as 

T 

(1 - :^) = 21 250 Btu/h / Qh = 0.625 => Th = 1440 R 
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The condenser in a power plant cools 20 Ibm/s water at 120 F, quality 90% so it 
comes out as saturated liquid at 120 F. The cooling is done by ocean-water 
coming in at 60 F and returned to the ocean at 68 F. Find the transfer out of the 
water and the transfer into the ocean-water of both energy and exergy (4 terms). 


Solution: 

C.V. Water line. No work but heat transfer out. 

Energy Eq.: Qoyt = m (h^ - h 2 ) = 20(1010.99 - 87.99) = 18 460 Btu/s 

C.V. Ocean water line. No work but heat transfer in equals water heattransfer out 
Energy Eq.: q = h 4 - h 3 = 36.09 - 28.08 = 8.0 Btu/lbm 

n^ocean ^ Qout /q = 18 460 / 8.0 = 2308 kg/s 
Exergy out of the water follows Eq. 10.37 (we will use Tq = 60 F) 

®out = m(Vl - m \|/2 ) = m [ hi - h 2 - To ( sj - S 2 ) ] 

= 20 [ 1010.99 - 87.99 - 519.7(1.7567 - 0.1646)] 

= 1912 Btu/s 

Exergy into the ocean water 

®ocean ~ ^ocean(V4 " V 3 ) ~ ^ocean [ h 4 - h 3 — Tq(S 4 - S 3 )] 

= 2308 [ 8.0 - 519.7(0.0708 - 0.0555)] 

= 112 Btu/s 

Notice there is a large amount of energy exchanged, but very little exergy. 
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Review Problems 


10.141 

Calculate the reversible work and irreversibility for the proeess deseribed in 
Problem 5.168, assuming that the heat transfer is with the surroundings at 68 F. 



Linear spring gives 

lW2 = /PdV = ^(Pl+P2)(V2-Vi) 

= m(u 2 - ui) + 1W2 
Equation of state: PV = mRT 



4 X 35.1 X (750 + 460) 

State 1: =mRTi/Pi =- 70 x 144-^ 16.85 fr 

4 X 35.1 X (75 + 460) ^ 

State 2: V 2 = mRT 2 /P 2 =-77—777-= 11.59 fr 

2 i i 45 X 144 

1 W 2 = |(70 + 45)(11.59 - 16.85) x 144/778 = -55.98 Btu 
From Table F .6 


Cp(Tavg) = [(6927-0)/(1200-537)]/M = 10.45/44.01 = 0.2347 Btu/lbm R 


^ Cv = Cp - R = 0.2375 - 35.10/778 = 0.1924 

1 Q 2 = mCv(T 2 - Ti) + 1 W 2 = 4x 0.1924(75 - 750) - 55.98 = -575.46 Btu 

= To(S2 - Si) - (U 2 - Ui) + iQ2(1 - T^/Th) = Tom(s2 - Si)+ 1 W 2 ' - 1 Q 2 VT 0 

= Tom[Cp ln(T 2 / Tj) - R ln(P 2 / Pi)] + 1 W 2 " - 1 Q 2 

= 527.7 X 4 [ 0.2347 ln(535/1210) - 0.0451 ln(45/70)] - 55.98 + 575.46 
= -362.24 - 55.98 + 575.46 = 157.2 Btu 

ih = l^r - 1 ^ 2 ^" = 157.2 - (-55.98) = 213.2 Btu 
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10.142 

A piston/cylinder arrangement has a load on the piston so it maintains constant 

pressure. It contains 1 Ibm of steam at 80 Ibf/in. , 50% quality. Heat from a 
reservoir at 1300 F brings the steam to 1000 F. Find the second-law efficiency for 
this process. Note that no formula is given for this particular case, so determine a 
reasonable expression for it. 


1: Pj, Xj ^ Vj = 2.7458 ft^/lbm, hj = 732.905 Btu/lbm, 

Sj = 1.0374 Btu/lbm R 

2: P 2 = Pi,T 2 ^ V 2 = 10.831 ft^/lbm, h 2 = 1532.6 Btu/lbm, 

S 2 = 1.9453 Btu/lbm R 
m(u2 - Uj) = jQ2 - 1 W 2 = 1 Q 2 - P(V2 - Vj) 

1 Q 2 = m(u 2 - Uj) + Pm(v 2 - Vj) = m(h 2 - hj) = 799.7 Btu 
1 W 2 = Pm(v 2 - Vi) = 119.72 Btu 


1W2 to atm = Pom(V2 - Vj) = 22 Btu 


Useful work out = 1 W 2 - 1 W 2 ^ atm = 119.72 - 22 = 97.72 Btu 



reservoir 



1Q2 = [1 - 


536.67^ 

I759.67J 


799.7 = 556 Btu 


nil = Wne/A^ = 0.176 

Remark: You could argue that the stored availability (exergy) should be 
accounted for in the second law efficiency, but it is not available from this 
device alone. 
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Consider a gasoline engine for a car as a steady flow device where air and fuel 

'y 

enters at the surrounding conditions 77 F, 14.7 Ibf/in. and leaves the engine 

y 

exhaust manifold at 1800 R, 14.7 Ibf/in. as products assumed to be air. The 
engine cooling system removes 320 Btu/lbm air through the engine to the 
ambient. For the analysis take the fuel as air where the extra energy of 950 
Btu/lbm of air released in the combustion process, is added as heat transfer from a 
3240 R reservoir. Find the work out of the engine, the irreversibility per pound- 
mass of air, and the first- and second-law efficiencies. 


C.V. Total out to reservoirs 

Energy Eq.: m^hj + Qh = + W + Qout 


Entropy Eq.: rh^s i + Qh/Th + Sg^n = + Qo^/T 



W 

Shaft 


Air intake filter^^^^ 

Radiator 



Exhaust flow Coolant flow 


Burning of the fuel releases 


Qh Ty. 


From the air Table F.5 


Btu/lbm 

hi = 128.381 
h. = 449.794 


Btu/lbm R 
Sti = 1.63831 
Sti = 1.94209 


Wac ^ W/ihg = hj - h 2 + qji - q(,^t = 128.38 - 449.794 -I- 950 - 320 = 308.6 Btu/lbm 
Eth ^ w/qjj = 308.6/950 = 0.325 

hot ^ (To)Sgen ^ To(s 2 - Si) + q^m- qnTo/TH 

= 536.67(1.94209 - 1.63831) + 320 - 950 = 325.67 Btu/lbm 

For reversible case have Sgg^ = 0 and qo from Tq, no q^ut 
qjm = To(s 2 - Si) - (To/TH)qH = hot - fiout = 5-67 Btu/lbm 
w’’®'' = hi - h 2 + qn + q^m = + hot = 634.3 Btu/lbm 

Till = Wag/w'^®'' = 0.486 
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10.144 

The exit nozzle in a jet engine receives air at 2100 R, 20 psia with negligible 
kinetic energy. The exit pressure is 10 psia and the actual exit temperature is 1780 R. 
What is the actual exit velocity and the second law efficiency? 


Solution: 


C.V. Nozzle with air has no work, no heat transfer. 


Energy eq.: 
Entropy Eq.: 


2^ex 

Si Sggn ~ Sg 


1 . .2 


= hi - hg = 532.57 - 444.36 = 88.21 Btu/lbm 


Vgx = V2 X 88.21 X 25 037 = 2102 ft s 


-1 


7 9 

Recall 1 Btu/lbm = 25 037 ft /s . This was the actual nozzle. Now we can do 
the reversible nozzle, which then must have a q. 


Energy eq.: 
Entropy Eq.: 


hi + q = hg + 


Si + q/To = s 
T 


=> q = To(sg-Si) 


T P 

q = To[ C In R In -^ ] = 536.7 [o.24 In 


1780 53.34 ffi-i 

2100 "778.17 ^’^20-1 


= 4.198 Btu/lbm 


1 . .2 


^Vgxrev ^ hi + q - hg = 88.21 + 4.198 = 92.408 Btu/lbm 


_lw2 ,L,2 

'Hll 2''ex ' 2''ex rev 


= 88.21 /92.408 = 0.95 


Notice the reversible nozzle is not isentropic (there is a heat transfer). 
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10.145 

Air in a piston/cylinder arrangement, shown in Fig. PI0.104, is at 30 Ibf/in. , 540 
R with a volume of 20 ft^. If the piston is at the stops the volume is 40 ft^ and a 

pressure of 60 Ibf/in. is required. The air is then heated from the initial state to 
2700 R by a 3400 R reservoir. Find the total irreversibility in the process 
assuming surroundings are at 70 F. 


Solution: 


Energy Eq.: 


Process: 

Information: 


Eq. of state 


m(u 2 - uj) = 1Q2 - 1W2 


Entropy Eq,: m(s 2 - Si) = / dQ/T + jS 


2 gen 


P = Pq + a(V-Vo) if V < V 

^stoD ~ ^0 ^(^ston’^o) 


stop 


Tstop “ TiPgtopVstop/PiVi - 2160 <T2 


So the piston will hit the stops => V2 = Vstop 

P2 = (T2/Tstop) Pstop = (2700/2160) 60 = 75 psia = 2.5 P 


1 


State 1: 

PiVi 

30 x 20 x 144 
53.34 x 540 
= 3.0 Ibm 



1 W 2 = ^(Pi + Pstop)(Vstop- Vi) = |(30 + 60)(40 - 20) = 166.6 Btu 
iQ 2 = m(u 2 -Ui) + iW 2 = 3(518.165 -92.16)+ 166.6= 1444.6 Btu 


ST2 ■ StI ■R1ii(P2/Pi) 

= 2.0561 - 1.6398 - (53.34/778) In (2.5) = 0.3535 Btu/lbm R 


Take control volume as total out to reservoir at Tj^g§ 

1^2 gen tot “ ^(^2 ' ^ 2 )" 1 Q 2 /TRES “ 0.6356 Btu/R 
1^2 ^ To(iS 2 gen) = 530 X 0.6356 = 337 Btu 
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Concept-Study Guide Problems 


11.1 

Is a steam power plant running in a Carnot eyele? Name the four proeesses. 

No. It runs in a Rankine eyele. 

1- 2: An isentropie eompression (eonstant s) Pump 

2- 3: An isobarie heating (eonstant P) Boiler 

3- 4: An isentropie expansion (eonstant s) Turbine 

4- 1: An isobarie eooling, heat rejeetion (eonstant P) Condenser 


11.2 

Consider a Rankine eyele without superheat. How many single properties are 
needed to determine the eyele? Repeat the answer for a eyele with superheat. 

a. No superheat. Two single properties. 

High pressure (or temperature) and low pressure (or temperature). 
This assumes the eondenser output is saturated liquid and the boiler 
output is saturated vapor. Physieally the high pressure is determined by 
the pump and the low temperature is determined by the eooling 
medium. 

b. Superheat. Three single properties. 

High pressure and temperature and low pressure (or temperature). 

This assumes the eondenser output is saturated liquid. Physieally the 
high pressure is determined by the pump and the high temperature by 
the heat transfer from the hot souree. The low temperature is 
determined by the eooling medium. 


11.3 

Whieh eomponent determines the high pressure in a Rankine eyele? What 
determines the low pressure? 

The high pressure in the Rankine eyele is determined by the pump. 
The low pressure is determined as the saturation pressure for the 
temperature you ean eool to in the eondenser. 




11.4 

Mention two benefits of a reheat eyele. 

The reheat raises the average temperature at whieh you add heat. 

The reheat proeess brings the states at the lower pressure further out in the 
superheated vapor region and thus raises the quality (if two-phase) in the 
last turbine seetion. 


11.5 

What is the differenee between an open and a elosed feedwater heater? 

The open feedwater heater mixes the two flows at the extraetion pressure 
and thus requires two feedwater pumps. 

The elosed feedwater heater does not mix the flows but let them exehange 
energy (it is a two fluid heat exehanger). The flows do not have to be at 
the same pressure. The eondensing souree flow is dumped into the next 
lower pressure feedwater heater or the eondenser or it is pumped up to line 
pressure by a drip pump and added to the feedwater line. 


11.6 

Can the energy removed in a power plant eondenser be useful? 

Yes. 

In some applieations it ean be used for heating buildings loeally or 
as distriet heating. Other uses eould be to heat green houses or as general 
proeess steam in a food proeess or paper mill. These applieations are all 
based on eeonomies and seale. The eondenser then has to operate at a 
higher temperature than it otherwise would. 


11.7 

In a eogenerating power plant, what is eogenerated? 


The eleetrieity is eogenerated. The main produet is a steam supply. 



11.8 

Why is the back work ratio in the Brayton cycle much higher than in the Rankine 
cycle? 


Recall the expression for shaft work in a steady flow device 

w = - J* V dP 

The specific volume in the compressor is not so much smaller than the 
specific volume in the turbine of the Brayton cycle as it is in the pump 
(liquid) compared to turbine (superheated vapor) in the Rankine cycle. 


11.9 

The Brayton cycle has the same 4 processes as the Rankine cycle, but the T-s and 
P-v diagrams look very different; why is that? 

The Brayton cycle have all processes in the superheated vapor (close to 
ideal gas) region. The Rankine cycle crosses in over the two-phase region. 


11.10 

Is it always possible to add a regenerator to the Brayton cycle? What happens 
when the pressure ratio is increased? 

No. When the pressure ratio is high, the temperature after compression is 
higher than the temperature after expansion. The exhaust flow can then not 
heat the flow into the combustor. 


11.11 

Why would you use an intercooler between compressor stages? 

The cooler provides two effects. It reduces the specific volume and thus 
reduces the work in the following compressor stage. It also reduces the 
temperature into the combustor and thus lowers the peak temperature. This 
makes the control of the combustion process easier (no autoignition or 
uncontrollable flame spread), it reduces the formation of NOx that takes 
place at high temperatures and lowers the cooling requirements for the 
chamber walls. 



11.12 


The jet engine does not produee shaft work; how is power produeed? 

The turbine produees just enough shaft work to drive the eompressor and it makes 
a little eleetrie power for the aireraft. The power is produeed as thrust of the 
engine. In order to exhaust the gases at high speed they must be aeeelerated so the 
high pressure in the turbine exit provides that force (high P relative to ambient). 
The high P into the turbine is made by the compressor, that pushes the flow 
backwards, and thus has a net resulting force forwards on the blades transmitted 
to the shaft and the aircraft. The outer housing also has a higher pressure inside 
that gives a net component in the forward direction. 


11.13 

How is the compression in the Otto cycle different from the Brayton cycle? 

The compression in an Otto cycle is a volume reduction dictated by the 
piston motion. The physical handles are the volumes and V 2 . 

The compression in a Brayton cycle is the compressor pushing on the flow 
so it determines the pressure. The physical control is the pressure P 2 . 



11.14 


Does the inlet state (Pj, T^) have any influence on the Otto cycle efficiency? How 
about the power produced by a real car engine? 

Very little. The efficiency for the ideal cycle only depends on compression 
ratio when we assume cold air properties. The u’s are slightly non-linear in T so 
there will be a small effect. 

In a real engine there are several effects. The inlet state determines the 
density and thus the total mass in the chamber. The more mass the more energy is 
released when the fuel burns, the peak P and T will also change which affects the 
heat transfer loss to the walls and the formation of Nox (sensitive to T). The 
combustion process may become uncontrollable if T is too high (knocking). Some 
increase in P^ like that done by a turbo-charger or super-charger increases the 

power output and if high, it must be followed by an intercooler to reduce Tj. If P^ 

is too high the losses starts to be more than the gain so there is an optimum level. 


11.15 

How many parameters do you need to know to completely describe the Otto 
cycle? How about the Diesel cycle? 

Otto cycle. State 1 (2 parameters) and the compression ratio CR and the 
energy release per unit mass in the combustion, a total of 4 parameters. With that 
information you can draw the diagrams in Figure 11.28. Another way of looking 
at it is four states (8 properties) minus the four process equations (§2 ^ s^, V 3 = V 2 , 

S 4 = S 3 and V 4 = vj) gives 4 unknowns. 

Diesel cycle. Same as for the Otto cycle namely 4 parameters. The only 
difference is that one constant v process is changed to a constant P process. 

11.16 

The exhaust and inlet flow processes are not included in the Otto or Diesel cycles. 
How do these necessary processes affect the cycle performance? 

Due to the pressure loss in the intake system and the dynamic flow process 
we will not have as much mass in the cylinder nor as high a P as in a reversible 
process. The exhaust flow requires a slightly higher pressure to push the flow out 
through the catalytic converter and the muffler (higher back pressure) and the 
pressure loss in the valve so again there is a loss relative to a reversible process. 
Both of these processes subtracts a pumping work from the net work out of the 
engine and a lower charge mass gives less power (not necessarily lower 
efficiency) than other wise could be obtained. 



11.17 


A refrigerator in my 20°C kitehen uses R-12 and I want to make ice cubes at -5° 
C. What is the minimum high P and the maximum low P it can use? 

Since the R-12 must give heat transfer out to the kitchen air at 20°C, it 
must at least be that hot at state 3. 

From Table B. 3.1: P 3 = P 2 = Pgat ~ 567 kPa is minimum high P. 

Since the R-12 must absorb heat transfer at the freezers -5°C, it must at 
least be that cold at state 4. 

From Table B.3.1: Pj = P 4 = P^at = 261 kPa is maximum low P. 


11.18 

How many parameters are needed to completely determine a standard vapor 
compression refrigeration cycle? 

Two parameters: The high pressure and the low pressure. This assumes 
the exit of the condenser is saturated liquid and the exit of the evaporator is 
saturated vapor. 

11.19 

Why would one consider a combined cycle system for a power plant? For a heat 
pump or refrigerator? 

Dual cycle or combined cycle systems have the advantage of a smaller 
difference between the high and low ranges for P and T. The heat can be added at 
several different temperatures reducing the difference between the energy source 
T and the working substance T. The working substance vapor pressure at the 
desired T can be reduced from a high value by adding a topping cycle with a 
different substance or have a higher low pressure at very low temperatures. 



11.20 


Since any heat transfer is driven by a temperature differenee, how does that affeet 
all the real eyeles relative to the ideal eyeles? 


• _ 

Heat transfers are given as Q = CA AT so to have a reasonable rate the 
area and the temperature differenee must be large. The working substanee then 
must have a different temperature than the ambient it exehanges energy with. This 
gives a smaller temperature differenee for a heat engine with a lower effieieney as 
a result. The refrigerator or heat pump must have the working substanee with a 
higher temperature differenee than the reservoirs and thus a lower eoeffieient of 
performanee (COP). 

The smaller CA is the larger AT must be for a eertain magnitude of the 
heat transfer rate. This ean be a design problem, think about the front end air 
intake grill for a modem ear whieh is very small eompared to a oar 20 years ago. 



Simple Rankine cycles 


11.21 

A steam power plant as shown in Fig. 11.3 operating in a Rankine eyele has 
saturated vapor at 3.0 MPa leaving the boiler. The turbine exhausts to the 
eondenser operating at 10 kPa. Find the speeifie work and heat transfer in eaeh of 
the ideal eomponents and the eyele effieieney. 

Solution: 

C.V. Pump Reversible and adiabatie. 

Energy: Wp = h 2 - hj ; Entropy: § 2 = Sj 

sinee ineompressible it is easier to find work (positive in) as 
Wp = IV dP = VI (P 2 - Pi) = 0.00101 (3000 - 10) = 3.02 kJ/kg 

=> h 2 = hi + Wp = 191.81 + 3.02 = 194.83 kJ/kg 
C.V. Boiler : qn = h 3 - h 2 = 2804.14 - 194.83 = 2609.3 kJ/kg 
C.V. Turbine : wj = h 3 - h 4 ; S 4 = S 3 

S 4 = S 3 = 6.1869 = 0.6492+ X 4 (7.501) => X 4 = 0.7383 
=> h 4 = 191.81 + 0.7383 (2392.82) = 1958.34 kJ/kg 
Wt = 2804.14 - 1958.34 = 845.8 kJ/kg 
C.V. Condenser : ql = h 4 - hi = 1958.34 - 191.81 = 1766.5 kJ/kg 

heyele = Wnet / Oh = (wt + Wp) / qn = (845.8 - 3.0) / 2609.3 = 0.323 
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11.22 


Consider a solar-energy-powered ideal Rankine eyele that uses water as the 

working fluid. Saturated vapor leaves the solar eolleetor at 175°C, and the 
eondenser pressure is 10 kPa. Determine the thermal effieieney of this eyele. 

Solution: 

C.V. H 2 O ideal Rankine eyele 

State 3: T3=175°C ^ P 3 = Pq = 892 kPa, S 3 = 6.6256 

CV Turbine adiabatie and reversible so seeond law gives 

S 4 = S 3 = 6.6256 = 0.6493 + X 4 x 7.5009 => X 4 = 0.797 

h 4 = 191.83 + 0.797 x 2392.8 = 2098.3 kJ/kg 

The energy equation gives 

Wt = h 3 - h 4 = 2773.6 - 2098.3 = 675.3 kJ/kg 

C.V. pump and ineompressible liquid gives work into pump 

wp= vi(P 2 - Pi) = 0.00101(892 - 10) = 0.89 kJ/kg 

h 2 = hi +wp= 191.83 + 0.89= 192.72 kJ/kg 

C.V. boiler gives the heat transfer from the energy equation as 

qn = h 3 - h 2 = 2773.6 - 192.72 = 2580.9 kJ/kg 

The eyele net work and effieieney are found as 

Wnet = Wj - Wp = 675.3 - 0.89 = 674.4 kJ/kg 

Pth ^ Wi 4 Ej/qu = 674.4/2580.9 = 0,261 


% 






























A utility runs a Rankine cycle with a water boiler at 3.0 MPa and the cycle has the 

highest and lowest temperatures of 450°C and 45°C respeetively. Find the plant 
efficiency and the effreieney of a Carnot eycle with the same temperatures. 

Solution: 

The states properties from Tables B.1.1 and B.1.3 

1:450C, x = 0 => hi = 188.42, vi= 0.00101, Psat = 9.6kPa 


3: 3.0 MPa, 450OC => h 3 = 3344 , S 3 = 7.0833 

C.V. Pump Reversible and adiabatic. 

Energy: Wp = h 2 - hj ; Entropy: § 2 = Sj 

since incompressible it is easier to frnd work (positive in) as 

Wp = j V dP = vi (P 2 - Pi) = 0.00101 (3000 - 9.6) = 3.02 kJ/kg 

=> h 2 = hi + Wp = 188.42 + 3.02 = 191.44 kJ/kg 

C.V. Boiler : qji = h 3 - h 2 = 3344 - 191 =3152.56 kJ/kg 

C.V. Turbine : wj = h 3 - h 4 ; S 4 = S 3 

S 4 = S 3 = 7.0833 = 0.6386 + X 4 (7.5261) => X 4 = 0.8563 

=> h 4 = 188.42 + 0.8563 (2394.77) = 2239.06 kJ/kg 

wt = 3344 - 2239.06 = 1105 kJ/kg 

C.V. Condenser : qL = h 4 - hi = 2239.06 - 188.42 = 2050.64 kJ/kg 


Rcycle = Wnet / Oh = (wy + Wp) / qn = (1105 - 3.02) / 3152.56 = 0.349 


Rcarnot 1 ‘ / Th ^ 


273.15 + 45 _ 
273.15 + 450 
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11.24 


A Rankine cycle uses ammonia as the working substance and powered by solar 

energy. It heats the ammonia to 140°C at 5000 kPa in the boiler/superheater. The 

eondenser is water eooled and the exit kept at 25®C. Find (T, P and x if 
applieable) for all four states in the cyele. 

Solution; 

Based on the standard Rankine eyele and Table B.2 and Table A.4 for Cp. 

State 1: Saturated liquid. Pj = P^^t = 1003 kPa, xj = 0 
State 2: P 2 = 5000 kPa, eonsider C.V. pump 

Energy: h 2 - hj = Wp = Vj (P 2 - Pi) = 0.001658 (5000 - 1003) = 6.627 kJ/kg 

T 2 = Ti + (h 2 - hi)/Cp = 25 + 6.627/4.84 = 26.4'’C 

State 3: Table B.2.2 140°C at 5000 kPa, s = 4.9068 kJ/kg K 
State 4; P 4 = Pj = 1003 kPa. Consider the turbine for whieh S 4 = S 3 . 

S 3 < Sg = 5.0293 kJ/kg K at 25°C 

X 4 = (S 3 - Sf)/Sfg = (4.9068 - 1.121)/3.9083 = 0.96866 




11.25 


A steam power plant operating in an ideal Rankine eyele has a high pressure of 5 
MPa and a low pressure of 15 kPa. The turbine exhaust state should have a quality 
of at least 95% and the turbine power generated should be 7.5 MW. Find the 
neeessary boiler exit temperature and the total mass flow rate. 

Solution; 

C.V. Turbine assume adiabatie and reversible. 

Energy: w^ = h 3 - Entropy: S 4 = S 3 

Sinee the exit state is given we ean relate that to the inlet state from entropy. 

4; 15kPa, X 4 = 0.95 => S 4 = 7.6458 kJ/kg K, h 4 = 2480.4 kJ/kg 

3: S 3 = S 4 , P 3 ^ h 3 = 4036.7 kJ/kg, T 3 = 758°C 

Wt = h 3 - h 4 = 4036.7 - 2480.4 = 1556.3 kJ/kg 

m = Wj/wj = 7.5 X 1000/1556.3 = 4,82 kg/s 




11.26 


A supply of geothermal hot water is to be used as the energy souree in an ideal 
Rankine eyele, with R-134a as the eyele working fluid. Saturated vapor R-134a 

leaves the boiler at a temperature of 85°C, and the eondenser temperature is 40°C. 
Caleulate the thermal effieieney of this eyele. 

Solution: 

CV: Pump (use R-134a Table B.5) 

2 

Wp = h 2 - hj = J* vdP » Vi(P 2 -Pi) 

1 

= 0.000873(2926.2 - 1017.0) = 1.67 kJ/kg 
h 2 = hi +wp = 256.54 + 1.67 = 258.21 kJ/kg 

CV: Boiler 

qn = h 3 - h 2 = 428.10 - 258.21 = 169.89 kJ/kg 
CV: Turbine 

S 4 = S 3 = 1.6782 = 1.1909 + X 4 X 0.5214 => X 4 = 0.9346 

h 4 = 256.54 + 0.9346 x 163.28 = 409.14 kJ/kg 
Energy Eq.: Wj = h 3 - h 4 = 428.1 - 409.14 = 18.96 kJ/kg 

Wnet = Wj - Wp = 18.96 - 1.67 = 17.29 kJ/kg 
Pth ^ ^ 17.29/169.89 = 0.102 




























11.27 


Do Problem 11.26 with R-22 as the working fluid. 

A supply of geothermal hot water is to be used as the energy souree in an ideal 
Rankine eyele, with R-134a as the eyele working fluid. Saturated vapor R-134a 

leaves the boiler at a temperature of 85°C, and the eondenser temperature is 40°C. 
Caleulate the thermal effleieney of this eyele. 

Solution: 

CV: Pump (use R-22 Table B.4) 

2 

Wp = h 2 - hi = / vdP « Vi(P 2 -Pi) = 0.000884(4037 - 1534) = 2.21 kJ/kg 

1 

h 2 = hi + Wp = 94.27 + 2.21 = 96.48 kJ/kg 
CV: Boiler: fln ^ ^3 - h 2 = 253.69 - 96.48 = 157.21 kJ/kg 
CV: Turbine 


S 4 = S 3 = 0.7918 = 0.3417 + X 4 x 0.5329, => 


X 4 = 0.8446 


h 4 = 94.27 + 0.8446 x 166.88 = 235.22 
Wt = h 3 - h 4 = 253.69 - 235.22 = 18.47 kJ/kg 

flTH = Wnet/Oh = (18.47 - 2.21)/157.21 = 0.1034 




























11.28 


Do Problem 11.26 with ammonia as the working fluid. 

A supply of geothermal hot water is to be used as the energy souree in an ideal 
Rankine eyele, with R-134a as the eyele working fluid. Saturated vapor R-134a 

leaves the boiler at a temperature of 85°C, and the eondenser temperature is 40°C. 
Caleulate the thermal effieieney of this eyele. 

Solution: 

CV: Pump (use Ammonia Table B.2) 

Wp = h 2 - hi = /2 vdP = Vi(P 2 -Pi) 

= 0.001725(4608.6 - 1554.9) = 5.27 kJ/kg 
h 2 = hi +wp = 371.43 + 5.27 = 376.7kJ/kg 

CV: Boiler 

qn = hj - h 2 = 1447.8 - 376.7 = 1071.1 kJ/kg 
CV: Turbine 

S 4 = S 3 = 4.3901 = 1.3574 + X 4 X 3.5088 => X 4 = 0.8643 

h 4 = 371.43 + 0.8643 x 1098.8 = 1321.13 kJ/kg 

Energy Eq.: 

Wt = h 3 - h 4 = 1447.8 - 1321.13 = 126.67 kJ/kg 
Wnet = Wj - Wp = 126.67 - 5.27 = 121.4 kJ/kg 

Pth ^ Wi 4 Ej/qu = 121.4/1071.1 = 0.113 




























11.29 


Consider the boiler in Problem 11.26 where the geothermal hot water brings the 
R-134a to saturated vapor. Assume a eounter flowing heat exehanger 
arrangement. The geothermal water temperature should be equal to or greater than 
the R-134a temperature at any loeation inside the heat exehanger. The point with 
the smallest temperature differenee between the souree and the working fluid is 

ealled the pineh point. If 2 kg/s of geothermal water is available at 95°C, what is 
the maximum power output of this eyele for R-134a as the working fluid? (hint: 

split the heat exehanger C.V. into two so the pineh point with AT = 0, T = 

85°C appears). 

2 kg/s of water is available at 95 °C for the boiler. The restrietive faetor is the 
boiling temperature of 85° C. Therefore, break the proeess up from 2-3 into two 
parts as shown in the diagram. 



at 85°C 


Write the energy equation for the first seetion A-B and D-3: 

-Qab = mH 2 o(hA - ha) = 2(397.94 - 355.88) = 84.12 kW 

= ihRi34A(428.1 - 332.65) ^ 111 ^ 134 ^^ = 0.8813 kg/s 

To be sure that the boiling temp, is the restrietive faetor, ealeulate T^ from the 
energy equation for the remaining section: 

-Qac = 0.8813(332.65 - 258.21) = 65.60 kW = 2(355.88 - h^) 

^ he = 323.1 kJ/kg, Tc = 77.2°C>T2 OK 
CV Pump: wp = Vi(P 2 -Pi) = 0.000873(2926.2 - 1017.0) = 1.67 kJ/kg 
CV: Turbine: S 4 = S 3 = 1.6782 = 1.1909 + X 4 x 0.5214 => X 4 = 0.9346 

h 4 = 256.54 + 0.9346 x 163.28 = 409.14 kJ/kg 
Energy Eq.: Wp = h 3 - h 4 = 428.1 - 409.14 = 18.96 kJ/kg 
Cycle: = Wj - Wp = 18.96 - 1.67 = 17.29 kJ/kg 


= inRi 34 ^WNgp = 0.8813 x 17.29 = 15.24 kW 







11.30 


Do the previous problem with R-22 as the working fluid. 

A flow with 2 kg/s of water is available at 95°C for the boiler. The restrictive 

factor is the boiling temperature of 85°C. Therefore, break the process up from 2- 
3 into two parts as shown in the diagram. 


liquid 



H20 out 


© 


sat liq 
at 85 °C 



liq H20 
at 85°C 





liquid H20 

95°C 


-Qab = mH 2 o(hA - ha) = 2(397.94 - 355.88) = 84.12 kW 

= mj^.22(253.69 - 165.09) ^ ^ 0.949 kg/s 

To verify that Td = T 3 is the restrictive factor, find Tc. 

-Qac = 0.949(165.09 - 96.48) = 65.11 = 2.0(355.88 - he) 

he = 323.32 kJ/kg ^ Tc = 77.2T OK 

State 1: 40T, 1533.5 kPa, Vj = 0.000884 m^/kg 

CV Pump: wp = Vi(P 2 -Pj) = 0.000884(4036.8 - 1533.5) = 2.21 kJ/kg 

CV: Turbine 

S 4 = S 3 = 0.7918 = 0.3417 + X 4 X 0.5329 => X 4 = 0.8446 

h 4 = 94.27 + 0.8446 x 166.88 = 235.22 kJ/kg 
Energy Eq.: w^ = h 3 - h 4 = 253.69 - 235.22 = 18.47 kJ/kg 
Cycle: = Wj - Wp = 18.47 - 2.21 = 16.26 kJ/kg 

Wnet ^ i^r22Wnet ^ 0.949 x 16.26 = 15,43 kW 







11.31 


Consider the ammonia Rankine-eyele power plant shown in Fig. PI 1.31. The 
plant was designed to operate in a loeation where the oeean water temperature is 

25°C near the surfaee and 5°C at some greater depth. The mass flow rate of the 
working fluid is 1000 kg/s. 

a. Determine the turbine power output and the pump power input for the eyele. 

b. Determine the mass flow rate of water through eaeh heat exehanger. 
e. What is the thermal effreieney of this power plant? 

Solution: 


a) C.V. Turbine. Assume reversible and adiabatie. 

S 2 = Sj = 5.0863 = 0.8779 + X 2 x 4.3269 



X 2 = 0.9726 


h 2 = 227.08 + 0.9726 x 1225.09 = 1418.6 kJ/kg 
wj = hi -h 2 = 1460.29 - 1418.6 = 41.69 kJ/kg 


Wj = rhwj = 1000 X 41.69 = 41 690 kW 
Pump: wp « V 3 (P 4 - P 3 ) = 0.0016(857 - 615) = 0.387 kJ/kg 


Wp = rhwp = 1000 X 0.387 = 387 kW 

b) Consider to eondenser heat transfer to the low T water 



QtolowTH20 = 1000(1418.6-227.08)= 1.1915xl0^kW 

1.1915x10^ 

^^low T H20 ~ 29 38 - 20 98 ~ 

h 4 = h 3 + Wp = 227.08 + 0.39 = 227.47 kJ/kg 

Now eonsider the boiler heat transfer from the high T water 


QfromhighTH20= 1000(1460.29 -227.47) = 1.2328x10^ kW 

1.2328x10^ , 

^^highTH 20 ~ 104.87 - 96.50 ~ 


w w 

Oth ^ W^et/Qh = 


41 690 -387 
1.2328x10® 


0.033 




























11.32 


A smaller power plant produees 25 kg/s steam at 3 MPa, 600°C in the boiler. It 

eools the eondenser with oeean water eoming in at 12®C and returned at 15°C so 

the eondenser exit is at 45°C. Find the net power output and the required mass 
flow rate of oeean water. 

Solution: 

The states properties from Tables B.1.1 and B.1.3 

lidS'^C, x = 0: hj = 188.42 kJ/kg, vj = 0.00101 m^/kg, Pga^ = 9.59kPa 

3: 3.0 MPa, hOO^C: h 3 = 3682.34 kJ/kg, S 3 = 7.5084 kJ/kg K 

C.V. Pump Reversible and adiabatie. 

Energy: Wp = h 2 - hj ; Entropy: § 2 = Sj 

sinee ineompressible it is easier to find work (positive in) as 

Wp = IV dP = vi (P 2 - Pi) = 0.00101 (3000 - 9.6) = 3.02 kJ/kg 

C.V. Turbine : wy = h 3 - h 4 ; S 4 = S 3 

S 4 = S 3 = 7.5084 = 0.6386+ X 4 (7.5261) => X 4 = 0.9128 

=> h 4 = 188.42 + 0.9128 (2394.77) = 2374.4 kJ/kg 

wt = 3682.34 - 2374.4 = 1307.94 kJ/kg 

Wnet = m(wT - Wp) = 25 (1307.94 - 3.02) = 32.6 MW 
C.V. Condenser : qL = h 4 - hi = 2374.4 - 188.42 = 2186 kJ/kg 

Ql = riiqL ^25 X 2186 = 54.65 MW = riiocean Cp AT 

ihocean = Ql / Cp AT = 54 650 / (4.18 x 3) = 4358 kg/s 


Boiler 




























11.33 


The power plant in Problem 11.21 is modified to have a super heater seetion 

following the boiler so the steam leaves the super heater at 3.0 MPa, 400°C. Find the 
speeifie work and heat transfer in eaeh of the ideal eomponents and the eyele 
efficieney. 

Solution: 

C.V. Tubine: Energy: w^^s = h 3 - h^; 

Entropy: S 4 = S 3 = 6.9211 kJ/kg K 


S4 - Sf 



6.9211 -0.6492 
7.501 


0.83614 




h 4 = 191.81 + 0.83614 x 2392.82 = 2192.5 kJ/kg 
wj 3 = 3230.82-2192.5 = 1038.3 kJ/kg 


C.V. Pump: Wp = Jv dP = Vi(P 2 - Pi) = 0.00101(3000 - 10) = 3.02 kJ/kg 


^ h 2 = hi + wp= 191.81 +3.02 = 194.83 kJ/kg 
C.V. Condenser: = h 4 - hi = 2192.5 - 191.81 = 2000.7 kJ/kg 

Oh = hs - h 2 = 3230.82 - 194.83 = 3036 kJ/kg 


C.V. Boiler: 


h CYCLE ~ qjj - 


1038.3-3.02 

3036 


= 0.341 




11.34 


A steam power plant has a steam generator exit at 4 MPa, 500°C and a eondenser 

exit temperature of 45°C. Assume all eomponents are ideal and find the eyele 
effieieney and the speeifie work and heat transfer in the eomponents. 

Solution: 

From the Rankine eyele we have the states: 

1: 45°C x = 0, vi = 0.00101 m^/kg, hi = 188.45 kJ/kg 
3: 4 MPa, 500°C , h 3 = 3445.3 kJ/kg, S 3 = 7.0901 kJ/kg K 

C.V. Turbine: S 4 = S 3 ^ X 4 = (7.0901 - 0.6386)/7.5261 = 0.8572, 

h 4 = 188.42 + 0.8572 x 2394.77 = 2241.3 
Wt = h 3 - h 4 = 3445.3 - 2241.3 = 1204 kJ/kg 
C.V. Pump: wp = Vi(P 2 - Pi) = 0.00101(4000 - 9.6) = 4,03 kJ/kg 

wp = h 2 -hi ^ h 2 = 188.42 + 4.03 = 192.45 kJ/kg 
C.V. Boiler: qn = h 3 - h 2 = 3445.3 - 192.45 = 3252.8 kJ/kg 
C.V. Condenser: qL,out = h 4 - hi = 2241.3 - 188.42 = 2052.9 kJ/kg 

Pth Wjjg/qii = (wj + Wp)/qii = (1204 - 4.03)/3252.8 = 0,369 
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11.35 


Consider an ideal Rankine eycle using water with a high-pressure side of the 
eycle at a supereritieal pressure. Sueh a cycle has a potential advantage of 
minimizing local temperature differences between the fluids in the steam 
generator, such as the instance in which the high-temperature energy source is the 
hot exhaust gas from a gas-turbine engine. Calculate the thermal efficiency of the 

cycle if the state entering the turbine is 30 MPa, 550°C, and the condenser 
pressure is 5 kPa. What is the steam quality at the turbine exit? 

Solution; 

For the efficiency we need the net work and steam generator heat transfer. 

C.V. Pump. For this high exit pressure we use Table B.1.4 
State 1: Sj = 0.4764 kJ/kg K, hj = 137.82 kJ/kg 

Entropy Eq.: S 2 = Sj => h 2 = 168.36 kJ/kg 

Wp = h 2 - hj = 30.54 kJ/kg 
C.V. Turbine. Assume reversible and adiabatic. 

Entropy Eq.: S 4 = S 3 = 6.0342 = 0.4764 + X 4 x 7.9187 

X 4 = 0.70186 Very low for a turbine exhaust 

h 4 = 137.79 + X 4 X 2423.66 = 1838.86 , h 3 = 3275.36 kJ/kg 
Wt = h 3 - h 4 = 1436.5 kJ/kg 
Steam generator: Oh ^ ^3 - h 2 = 3107 kJ/kg 

Wnet = Wj - Wp = 1436.5 - 30.54 = 1406 kJ/kg 
T] = w^Ej/qjj = 1406 / 3107 = 0.45 




Reheat Cycles 
11.36 

A smaller power plant produees steam at 3 MPa, 600°C in the boiler. It keeps the 

eondenser at 45°C by transfer of 10 MW out as heat transfer. The first turbine 
seetion expands to 500 kPa and then flow is reheated followed by the expansion 
in the low pressure turbine. Find the reheat temperature so the turbine output is 
saturated vapor. For this reheat find the total turbine power output and the boiler 
heat transfer. 



The states properties from Tables B.1.1 and B.1.3 

x = 0: hj = 188.42 kJ/kg, Vj = 0.00101 m^/kg, Pgat = 9.59kPa 

3: 3.0 MPa, 600OC: h 3 = 3682.34 kJ/kg, S 3 = 7.5084 kJ/kg K 
6 : 45‘3C, x=l: hg = 2583.19 kJ/kg, Sg = 8.1647 kJ/kg K 

C.V. Pump Reversible and adiabatie. 

Energy: Wp = h 2 - h^ ; Entropy: § 2 = Sj 

sinee ineompressible it is easier to find work (positive in) as 

Wp = IV dP = vi (P 2 - Pi) = 0.00101 (3000 - 9.59) = 3.02 kJ/kg 

h 2 = hi + Wp = 188.42 + 3.02 = 191.44 kJ/kg 

C.V. FIP Turbine seetion 

Entropy Eq.: S 4 = S 3 => h 4 = 3093.26 kJ/kg; T 4 = 314®C 
C.V. EP Turbine seetion 

Entropy Eq.: Sg = S5 = 8.1647 kJ/kg K => state 5 
State 5: 500 kPa, S 5 => hj = 3547.55 kJ/kg, T 5 = 529®C 


C.V. Condenser. 




































Energy Eq.; = hg - hj = hfg = 2394.77 kJ/kg 

m= QL/qL= 10 000/2394.77 = 4.176 kg/s 

Both turbine sections 

WT,tot = mwT,tot = m(h3 - h4 + hj - hg) 

= 4.176 (3682.34 - 3093.26 +3547.55-2583.19) = 6487 kW 
Both boiler sections 

Qh = m(h3 - h2 + hg - h4) 

= 4.176 (3682.34 - 191.44 + 3547.55 - 3093.26) = 16 475 kW 



11.37 


Consider an ideal steam reheat eyele where steam enters the high-pressure turbine 

at 3.0 MPa, 400°C, and then expands to 0.8 MPa. It is then reheated to 400°C and 
expands to 10 kPa in the low-pressure turbine. Caleulate the eyele thermal 
effieieney and the moisture eontent of the steam leaving the low-pressure turbine. 

Solution: 

C.V. Pump reversible, adiabatie and assume ineompressible flow 
wp = vi(P 2 - Pi) = 0.00101(3000 - 10) = 3.02 kJ/kg, 

h 2 = 191.81 + 3.02 = 194.83 kJ/kg 




P 3 = 3 MPa, T 3 = 400°C => h 3 = 3230.82 kJ/kg, S 3 = 6.9211 kJ/kg K 
S 4 = S 3 => h 4 = 2891.6 kJ/kg; 

C.V. LP Turbine seetion 

State 5: 400T, 0.8 MPa => hj = 3267.1 kJ/kg, Sj = 7.5715 kJ/kg K 
Entropy Eq.: Sg = S 5 = 7.5715 kJ/kg K => two-phase state 


Sfs - Sf 7 5715 - 0 6492 
X. = = 0.92285 = 0.923 


Sfi 


7.501 


hg = 191.81 + 0.92285 x 2392.82 = 2400 kJ/kg 


WT.tot = hs - h 4 + hj - hg = 3230.82 - 2891.6+3267.1 - 2400 = 1237.8 kJ/kg 
qni = h 3 - h 2 = 3230.82 - 194.83 = 3036 kJ/kg 
qn = qni + hj - h 4 = 3036 + 3267.1 - 2891.6 = 3411.5 kJ/kg 


hcYCLE = (1237.8 - 3.02)/3411.5 = 0.362 

































11.38 


A smaller power plant produees 25 kg/s steam at 3 MPa, 600®C in the boiler. It 

eools the eondenser with oeean water so the eondenser exit is at 45°C. There is a 

reheat done at 500 kPa up to 400°C and then expansion in the low pressure 
turbine. Find the net power output and the total heat transfer in the boiler. 

Solution: 

The states properties from Tables B.1.1 and B.1.3 

1:450C, x = 0: hj = 188.42 kJ/kg, vj = 0.00101 m^/kg, Psat = 9.59kPa 

3: 3.0 MPa, 600OC: h 3 = 3682.34 kJ/kg, S 3 = 7.5084 kJ/kg K 

5: 500kPa,400®C: hj = 3271.83 kJ/kg, S 5 = 7.7937 kJ/kg K 

C.V. Pump Reversible and adiabatie. Ineompressible flow so 

Energy: Wp = h 2 - h^ = Vi(P 2 - Pj) = 0.00101 (3000 - 9.6) = 3.02 kJ/kg 

C.V. LP Turbine seetion 

Entropy Eq.: S 5 = S 5 = 7.7937 kJ/kg K => two-phase state 

, 7.7937-0.6386 ^ 

^6 (®6 ■ ^fV^fg y 5261 0.9507 

hg = 188.42 + 0.9507 x 2394.77 = 2465.1 kJ/kg 
Both turbine seetions 

WT,tot = 1^3 - h 4 + h 5 - hg 

= 3682.34-3093.26 + 3271.83-2465.1 = 1395.81 kJ/kg 

Wnet = Wt - Wp = m(wT tot “ Wp) = 25 (1395.81 - 3.02) = 34 820 kW 
Both boiler seetions 

Qh = m(h3 - h 2 + hj - h 4 ) 

= 25 (3682.34 - 191.44 + 3271.83 - 3093.26) = 91 737 kW 


Boiler 


Turbine 





































11.39 


The reheat pressure effeet the operating variables and thus turbine performanee. 
Repeat Problem 11.37 twiee, using 0.6 and 1.0 MPa for the reheat pressure. 

Solution 




C.V. Pump reversible, adiabatie and assume ineompressible flow 
wp = vi(P 2 - Pi) = 0.00101(3000 - 10) = 3.02 kJ/kg, 

h 2 = hi +wp= 191.81 +3.02= 194.83 kJ/kg 

State 3: 3 MPa, 400°C => hg = 3230.82 kJ/kg, S 3 = 6.9211 kJ/kg K 
Low T boiler seetion: = h 3 - h 2 = 3230.82 - 194.83 = 3035.99 kJ/kg 

State 4: P 4 , S 4 = S 3 

For P 4 = 1 MPa: h 4 = 2940.85 kJ/kg state 4 is sup. vapor 

State 5:400°C,P5 = P 4 => hj = 3263.9 kJ/kg, Sj = 7.465 kJ/kg K, 
For P 4 = 0.6 MPa: h 4 = 2793.2 kJ/kg state 4 is sup. vapor 

State 5:400°C,P5 = P 4 => hj = 3270.3 kJ/kg, S 5 = 7.7078 kJ/kg K, 
State 6 : lOkPa, s^ = s^ => Xg = (sg - Sf)/Sf„ 


Total turbine work: 
Total boiler Fl.Tr.: 

Cyele effieieney: 


^T.tot ~ ^3- h4 + hj - hg 

9h 9hi + hg - h4 

0 CYCLE = (WT,tot “ Wp)/qH 


P4=P5 

^6 

he 

Wy 

Oh 

"n CYCLE 

1 

0.9087 

2366 

1187.9 

3359.0 

0.3527 

0.6 

0.9410 

2443.5 

1228.0 

3437.7 

0.3563 


Notiee the very small ehanges in effieieney. 































11.40 


The effect of a number of reheat stages on the ideal steam reheat cycle is to be 
studied. Repeat Problem 11.37 using two reheat stages, one stage at 1.2 MPa and 
the second at 0.2 MPa, instead of the single reheat stage at 0.8 MPa. 

C.V. Pump reversible, adiabatic and assume incompressible flow, work in 
wp = vi(P 2 - Pi) = 0.00101(3000 - 10) = 3.02 kJ/kg, 

h 2 = hi + wp= 191.81 +3.02= 194.83 kJ/kg 
P 4 = P 5 = 1.2 MPa, Pe = P 7 = 0.2 MPa 

T 

3: hg = 3230.82 kJ/kg, S 3 = 6.9211 kJ/kg K 

4: P 4 , S 4 = S 3 ^ sup. vap. h 4 = 2985.3 
5: hj = 3260.7 kJ/kg, S 5 = 7.3773 kJ/kg K 

6 : Pg, Sg = S 5 ^ sup. vapor 

hg = 2811.2kJ/kg 

7: hy = 3276.5 kJ/kg, Sy = 8.2217 kJ/kg K 
8 : Pg, Sg = Sy ^ sup. vapor hg = 2607.9 kJ/kg 


3 MPa 



s 


Total turbine work, same flow rate through all sections 

Wp = (h 3 - h 4 ) + (hg - hg) + (by - hg) = 245.5 + 449.5 + 668.6 = 1363.6 kJ/kg 
Total heat transfer in boiler, same flow rate through all sections 

Oh = (hs - 112 ) + (hs - h 4 ) + (by - hg) = 3036 + 319.8 + 465.3 = 3821.1 kJ/kg 



1363.6 -3.02 
3821.1 


0.356 


Cycle efficiency: 


Oth “ 



Open Feedwater Heaters 
11.41 


An open feedwater heater in a regenerative steam power cycle receives 20 kg/s of 

water at 100°C, 2 MPa. The extraction steam from the turbine enters the heater at 

2 MPa, 275°C, and all the feedwater leaves as saturated liquid. What is the 
required mass flow rate of the extraction steam? 

Solution; 


The complete diagram is as in 
Figure 11.8 in main text. 


From turbine 



to P2 


Feedwater 
from P 1 


C.V Feedwater heater 


Continuity Eq.: m 2 + m^ = m 3 


V V V V V 

Energy Eq.: m 2 h 2 + m 5 h 5 = m 3 h 3 = (m 2 + m^) h 3 

Table B.1.4: h 2 = 420.45 kJ/kg, Table B.1.2: h 3 = 908.77 kJ/kg 

Table B. 1.3: h 5 = 2963 kJ/kg, this is interpolated 

With the values substituted into the energy equation we get 

• h 3 -h 2 908.77 - 420.45 , , , 

^2 h, . h. 20 X 2953.908.77 


Remark: For lower pressures at state 2 where Table B.1.4 may not have an entry 
the corresponding saturated liquid at same T from Table B.1.1 is used. 




11.42 


A power plant with one open feedwater heater has a eondenser temperature of 

45°C, a maximum pressure of 5 MPa, and boiler exit temperature of 900°C. 
Extraction steam at 1 MPa to the feedwater heater is mixed with the feedwater 
line so the exit is saturated liquid into the second pump. Find the fraction of 
extraction steam flow and the two specific pump work inputs. 


Solution; 


The complete diagram is as in 
Figure 11.8 in the main text. 


From turbine 
To boiler 


1 


4 f 


Pump 2 G- 



Pump 1 


D, 


1 


2 


From 
condenser 


State out of boiler 5: hj = 4378.82 kJ/kg, S 5 = 7.9593 kJ/kg K 
C.V. Turbine reversible, adiabatic: Sy = Sg = S 5 

Stated: Pg , Sg => hg = 3640.6 kJ/kg, Tg = 574°C 
C.V Pump Pi 

wpi = by - hi = vi(P 2 - Pi) = 0.00101(1000 - 9.6) = 1.0 kJ/kg 

=> h 2 = hi + wpi = 188.42 + 1.0 = 189.42 kJ/kg 

• • 

C.V. Feedwater heater: Call mg / mi^i = x (the extraction fraction) 

Energy Eq.; (1 - x) h 2 + x hg = 1 hy 

_ ^3 - h 2 _ 762.79 - 189.42 ^ 

^ h 6 -h 2 3640.6 - 189.42 

C.V Pump P2 

wp 2 = h 4 - h 3 = V 3 (P 4 - P 3 ) = 0.001127(5000 - 1000) = 4.5 kJ/kg 



11.43 


A Rankine cycle operating with ammonia is heated by some low temperature 

source so the highest T is 120°C at a pressure of 5000 kPa. Its low pressure is 
1003 kPa and it operates with one open feedwater heater at 2033 kPa. The total 
flow rate is 5 kg/s. Find the extraetion flow rate to the feedwater heater assuming 
its outlet state is saturated liquid at 2033 kPa. Find the total power to the two 
pumps. 




4 


- 1 — 

State 1: 

xi = 0, 1 

State 3: 

X3 = 0, 1 

State 5: 

h5 = 421 

State 6: 

S6 = S5 

C.V Pump 

PI 


Wpi 

= hi - hi = 



Xj = 0, hj = 298.25 kJ/kg, Vj = 0.001658 m^/kg 
X 3 = 0, h 3 = 421.48 kJ/kg, V 3 = 0.001777 m^/kg 


h 5 = 421.48 kJ/kg, S 5 = 4.7306 kJ/kg K 

Sg = S 5 => Xg = (sg - Sf)/Sf„ = 0.99052, hg = 1461.53 kJ/kg 


wpi = h 2 - hi = Vi(P 2 - Pi) = 0.001658(2033 - 1003) = 1.708 kJ/kg 

=> h 2 = hj + wpi = 298.25 + 1.708 = 299.96 kJ/kg 


C.V. Feedwater heater: 


w w 

Call mg / m(Qi = x (the extraction fraction) 


Energy Eq.: (1 - x) h 2 + x hg = 1 h 3 

- ^2 _ 762.79 - 189.42 
^“hg-h 2 " 3640.6 - 189.42 


= 0.1046 


• • 

i^extr ^ ^ i^tot ^ 0.1046 X 5 = 0.523 kg/s 
mi = (1-x) miQi = (1 - 0.1046) 5 = 4.477 kg/s 

C.V Pump P2 

Wp 2 = h 4 - h 3 = V 3 (P 4 - P 3 ) = 0.001777(5000 - 2033) = 5.272 kJ/kg 

Total pump work 

Wp = miWpi + m(o, Wp 2 = 4.477 x 1.708 + 5 x 5.272 = 34 kW 





















11,44 


A steam power plant operates with a boiler output of 20 kg/s steam at 2 MPa, 

600°C. The eondenser operates at 50°C dumping energy to a river that has an 

average temperature of 20°C. There is one open feedwater heater with extraetion 
from the turbine at 600 kPa and its exit is saturated liquid. Find the mass flow rate 

of the extraetion flow. If the river water should not be heated more than 5°C how 
mueh water should be pumped from the river to the heat exehanger (eondenser)? 

Solution; 


The setup is as shown in Fig. 11.10. 

1:50°C sat liq. Vj = 0.001012 m^/kg, 

hi = 209.31 kJ/kg 
2: 600 kPa S 2 = Si 

3: 600 kPa, sat liq. h 3 = hf = 670.54 kJ/kg 
5:(P,T) hj = 3690.1 kJ/kg, 

S 5 = 7.7023 kJ/kg K 

6 : 600 kPa, Sg = S 5 => hg = 3270.0 kJ/kg 


Condenser 


To 

river 


+ 7 Ex turbine 


From 


t 


T 0 pump 1 



river 


CVPl 


C.V FWH 


wpi = Vi(P 2 - Pi) = 0.001012 (600 - 12.35) = 0.595 kJ/kg 
h 2 = hi + Wpi = 209.9 kJ/kg 


X hg + (1 -x) h 2 = h 3 

^ h 3 -h 2 _ 670.54 - 209.9 
^ “ hg - h 2 “ 3270.0 - 209.9 


= 0.1505 


mg = X mg = 0.1505 x 20 = 3 kg/s 

CV Turbine: Sy = Sg = Sg => X7 = 0.9493, by = 2471.17 kJ/kg 
CV Condenser 

qp = by-hi =2471.17-209.31 =2261.86 kJ/kg 
The heat transfer out of the water from 7 to 1 goes into the river water 


Ql = (1 - x) mqL = 0.85 x 20 x 2261.86 = 38 429 kW 


^ I^H20 ^^1120 ^ I^H20 (hf25 ‘ hf2o) ^ (20.93) 


m =38 429/20.93 = 1836 kg/s 



11.45 


Consider an ideal steam regenerative eyele in whieh steam enters the turbine at 

3.0 MPa, 400°C, and exhausts to the eondenser at 10 kPa. Steam is extracted from 
the turbine at 0.8 MPa for an open feedwater heater. The feedwater leaves the 
heater as saturated liquid. The appropriate pumps are used for the water leaving 
the condenser and the feedwater heater. Calculate the thermal efficiency of the 
cycle and the net work per kilogram of steam. 

Solution; 

This is a standard Rankine cycle with an open FWH as shown in Fig. 11.10 
C.V Pump PI 

wpi = h 2 - hj = Vi(P 2 - Pi) = 0.00101(800 - 10) = 0.798 kJ/kg 
=> h 2 = hi + wpi = 191.81 + 0.798 = 192.61 kJ/kg 


C.V. FWH 


Call mg / m^Q( = x (the extraction fraction) 
(1 - x) h 2 + X hg = 1 h 3 


h-^2 721.1 - 192.61 

hg-h 2 " 2891.6 - 192.61 


0.1958 


C.V Pump P2 

wp 2 = h 4 - h 3 = V 3 (P 4 - P 3 ) = 0.001115(3000 - 800) = 2.45 kJ/kg 
h 4 = h 3 + wp 2 = 721.1 + 2.45 = 723.55 kJ/kg 
CV Boiler; qn = hj - h 4 = 3230.82 - 723.55 = 2507.3 kJ/kg 
CV Turbine 

2nd Law Sy = Sg = S 5 = 6.9211 kJ/kg K 
Pg , Sg => hg = 2891.6 kJ/kg (superheated vapor) 

. 6.9211 -0.6492 . 

Sy = Sg = S 5 = 6.9211 => xy =- rj -=0.83614 


=> hy = 191.81 + Xy 2392.82 = 2192.55 kJ/kg 
Turbine has full flow in HP section and fraction 1 -x in LP section 


WT/m 5 = h 5 -hg + (l-x)(hg-hy) 

Wt = 3230.82-2891.6 + (1 - 0.1988) ( 2891.6 - 2192.55) = 899.3 
P2 has the full flow and P1 has the fraction 1 -x of the flow 

Wnet = Wt - (1 - x) Wpi - Wpy 

= 899.3 - (1 - 0.1988)0.798 - 2.45 = 896.2 kJ/kg 
hcycie = Wnet < Oh = 896.2 / 2507.3 = 0.357 



11.46 


In one type of nuelear power plant, heat is transferred in the nuelear reaetor to 
liquid sodium. The liquid sodium is then pumped through a heat exehanger where 
heat is transferred to boiling water. Saturated vapor steam at 5 MPa exits this heat 

exehanger and is then superheated to 600°C in an external gas-fired superheater. 
The steam enters the turbine, whieh has one (open-type) feedwater extraetion at 
0.4 MPa. The isentropie turbine effieieney is 87%, and the eondenser pressure is 
7.5 kPa. Determine the heat transfer in the reaetor and in the superheater to 
produee a net power output of 1 MW. 

Solution; 

The complete cycle diagram is similar to Figure 11.8 except the boiler is sparated 
into a section heated by the reactor and a super heater section. 



CV. Pump P1 

wpi = 0.001008(400 - 7.5) = 0.4 kJ/kg ; 
h 2 = hj + Wpi = 168.8 + 0.4 = 169.2 kJ/kg 

CV. Pump P2 

wp 2 = 0.001084(5000 - 400) = 5.0 kJ/kg 
h 4 = hj + Wp 2 = 604.7 + 5.0 = 609.7 kJ/kg 
C.V. Turbine (to get exit state properties) 

S 7 = S 6 = 7.2589, P 7 = 0.4MPa=> T 7 = 221.2T, h 7 = 2904.5 kJ/kg 
Sg = Sg = 7.2589 = 0.5764 + Xg x 7.6750 Xg = 0.8707 
hg = 168.8 + 0.8707 x 2406.0 = 2263.7 kJ/kg 

CV: Feedwater heater FWH (to get the extraction fraction X 7 ) 

• • • • 

Divide the equations with the total mass flow rate m 3 = m 4 = mj = mg 
Continuity: X 2 + X 7 = X 3 = 1.0, Energy Eq.: X 2 h 2 + X 7 h 7 = h 3 

X 7 = (604.7-169.2)/(2904.5-169.2) = 0.1592 




CV: Turbine (to get the total speeifie work) 

Full flow from 6 to 7 and the fraetion (1 - Xj) from 7 to 8 . 

Wt = (hg - hy) + (1 - X 7 )(h 7 - hg) 

= 3666.5-2904.5 + 0.8408(2904.5-2263.7) = 1300.8 kJ/kg 
CV: Pumps (PI has Xj = 1 - xj, P2 has the full flow Xg = 1) 

Wp = XjWpi + X 3 WP 2 = 0.8408 X 0.4 + 1 X 5.0 = 5.3 kJ/kg 

Wnet= 1300.8 - 5.3 = 1295.5 => in = 1000/1295.5 = 0.772 kg/s 
CV: Reaetor (this has the full flow) 

Qreact = m(h5 - 114 ) = 0.772(2794.3 - 609.7) = 1686 kW 

CV: Superheater (this has the full flow) 

Qsup = m(h 6 - hj) = 0.772 (3666.5 - 2794.3) = 673 kW 



11.47 


A steam power plant has high and low pressures of 20 MPa and 10 kPa, and one 
open feedwater heater operating at 1 MPa with the exit as saturated liquid. The 

maximum temperature is 800°C and the turbine has a total power output of 5 
MW. Find the fraction of the flow for extraction to the feedwater and the total 
condenser heat transfer rate. 

The physical components and the T-s diagram is as shown in Fig. 11.10 in the 
main text for one open feedwater heater. The same state numbering is used. From 
the Steam Tables: 

states: (P, T) hj = 4069.8 kJ/kg, S 5 = 7.0544 kJ/kg K, 

State 1: (P, x = 0) hj = 191.81 kJ/kg, vj = 0.00101 m^/kg 
State 3: (P, x = 0) h 3 = 762.8 kJ/kg, V 3 = 0.001127 m^/kg 
Pump Pi: wpi = Vi(P 2 - Pi) = 0.00101 x 990 = 1 kJ/kg 

h 2 = hj + Wpi = 192.81 kJ/kg 
Turbine 5-6: S 5 = S 5 ^ hg = 3013.7 kJ/kg 

Wt 56 = hg - hg = 4069.8 - 3013.7 = 1056.1 kJ/kg 


• # # • • 

Feedwater Heater (m^-Qj = mg): xmghg + (1 - x)m 5 h 2 = m 5 h 3 


h3-h2 _ 762.8 - 192.81 
hg-h2 3013.7 - 192.81 


0.2021 


To get state 7 into condenser consider turbine. 

S7 = Sg = S5 ^ X7 = (7.0544-0.6493)/7.5009 = 0.85391 

h 7 = 191.81 + 0.85391 x 2392.82 = 2235.1 kJ/kg 


Find specific turbine work to get total flow rate 



• • • 

— ni'j'Q'ph^ - xrriYQyli^ - 1 - — 


• • 

= mjQj X (hg - xhg - (1 - x)h 7 ) = mjQj x 1677.3 


ititot = 5000/1677.3 = 2.98 kg/s 


Ql = miOT (1-x) (Vhi) = 2.98 x 0.7979(2235.1 - 191.81) = 4858 kW 




Closed Feedwater Heaters 


11.48 


A closed feedwater heater in a regenerative steam power eyele heats 20 kg/s of 

water from 100°C, 20 MPa to 250°C, 20 MPa. The extraetion steam from the 

turbine enters the heater at 4 MPa, 275°C, and leaves as saturated liquid. What is 
the required mass flow rate of the extraetion steam? 

Solution: 

The sehematie is from Figure 11.11 has the feedwater from the pump eoming at 
state 2 being heated by the extraetion flow eoming from the turbine state 6 so the 
feedwater leaves as saturated liquid state 4 and the extraetion flow leaves as 
eondensate state 6a. 


4 




6a -- 


From table B.l h kJ/kg 


B.1.4: 

100°C,20 MPa 

h2 = 434.06 

B.1.4: 

250°C, 20 MPa 

h4= 1086.75 

B.1.3: 

4 MPa, 275°C 

h6 = 2886.2 

B.1.2: 

4 MPa, sat. liq. 

h6a= 1087.31 


C.V. Feedwater Fieater 


_ _ • • • • 

Energy Eq.: m 2 h 2 + m 5 h 5 = m 2 h 4 + m 5 h 5 


a 


Sinee all four state are known we ean solve for the extraetion flow rate 

. h2 - h4 

“•S ■ “2 hTTiT"' ■'•257 kg/s 


6a 













11.49 


A power plant with one elosed feedwater heater has a condenser temperature of 

45°C, a maximum pressure of 5 MPa, and boiler exit temperature of 900°C. 
Extraction steam at 1 MPa to the feedwater heater condenses and is pumped up to 

the 5 MPa feedwater line where all the water goes to the boiler at 200°C. Find the 
fraction of extraction steam flow and the two specific pump work inputs. 

Solution; 

Si = 0.6387 kJ/kg K, 
hi = 188.45 kJ/kg 

vi = 0.00101 m^/kg, 

S 4 = 2.1387 kJ/kgK, 
h 4 = 762.81 kJ/kg 


T 6 => h 6 = 853.9 kJ/kg 


From turbine 


6 


7 


Pump 2 



Pump 1 



2 


From 
condenser 


C.V. Turbine: Reversible, adiabatic so constant s from inlet to extraction point 

S 3 = Sin = 7.9593 kJ/kg K => T 3 = 573.8, h 3 = 3640.6 kJ/kg 

C.V. Pi: Wpi = Vi(P 2 - Pi) = 5.04 kJ/kg ^ h 2 = hi + Wpi = 193.49 kJ/kg 

C.V. P2: wp 2 = V 4 (P 7 - P 4 ) = 4.508 kJ/kg ^ h 7 = h 4 + Wp 2 = 767.31 kJ/kg 
C.V. Total FWH and pumps: 

The extraction fraction is: x = 1113 / 111 ^ 


_ • • • 

Continuity Eq.: mg = mi + m 3 , l=(l-x) + x 

Energy: (1 - x)(hi + Wpi) + x(h 3 +Wp 2 ) = hg 


^ 6-^2 _ 853.9 - 193.49 

h 3 + wp 2 - h 2 " 3640.6 + 4.508 - 193.49 


0.1913 


m3/mg = X = 0.1913 


11.50 


Repeat Problem 11.45, but assume a closed instead of an open feedwater heater. 
A single pump is used to pump the water leaving the condenser up to the boiler 
pressure of 3.0 MPa. Condensate from the feedwater heater is drained through a 
trap to the condenser. 

Solution: 


C.V. Turbine, 2nd law: 

S 4 = S 5 = S 5 = 6.9211 kJ/kg K 

h 4 = 3230.82 ,h 5 = 2891.6 

=> xg = (6.9211 - 0.6492)/7.501 

= 0.83614 

hg= 191.81 +X 6 2392.82 
=2192.55 kJ/kg 



TURBINE 


FW HTR 




Trap Q 


© 


© 



Assume feedwater heater exit at the T of the condensing steam 

C.V Pump 

wp = h 2 - hi = Vi(P 2 - Pi) = 0.00101(3000 - 10) = 3.02 kJ/kg 
h 2 = hi+ wp= 191.81 + 3.02= 194.83 kJ/kg 

T 3 = Tsat (P 5 ) = 170.43°C, h 3 = hf= hy = 721.1 kJ/kg 
C.V FWH 


mg / m3 




^3 - h2 

^5 ■ hfsoo 


Energy Eq.: h 2 + x hg = h 3 + hy x 


721.1 - 194.83 
2891.6- 721.1 


= 0.2425 


Turbine work with full flow from 4 to 5 fraction 1 -x 


flows from 5 to 6 


Wt = h 4 - hg + (1 - x)(hg - hg) 

= 3230.82-2891.6 + 0.7575 (2891.6 - 2192.55) 
= 868.75 kJ/kg 

Wnet = Wj - Wp = 868.75 - 3.02 = 865.7 kJ/kg 
qn = ^4 - h 3 = 3230.82 - 721.1 = 2509.7 kJ/kg 


^ cycle 


= W 


net 


/Oh 


865.7/2509.7 = 0.345 




11.51 


Do Problem 11.47 with a closed feedwater heater instead of an open and a drip 
pump to add the extraction flow to the feed water line at 20 MPa. Assume the 

temperature is 175°C after the drip pump flow is added to the line. One main 
pump brings the water to 20 MPa from the condenser. 

Solution; 


vi = 0.00101 m^/kg, 

hi = 191.81 kJ/kg 
T 4 = 175°C; h 4 = 751.66 kJ/kg 
h6a = hf iMPa = 762.79 kJ/kg, 
V 5 a = 0.001127 m^/kg 


From turbine 6 


4 


6 b 


Pump 2 



From 

condenser 


1 



2 


Pump 1 


Turbine section 1: Sg = S 5 = 7.0544 kJ/kg K 

Pg = 1 MPa => hg = 3013.7 kJ/kg 

C.V Pump 1 

wpi = h 2 - hi = Vi(P 2 - Pi) = 0.00101(20 000 - 10) = 20.19 kJ/kg 
=> h 2 = hi+ wpi = 191.81 +20.19 = 212.0 kJ/kg 
C.V Pump 2 

wp 2 = hgg - hga = Vga(Pgb - Pea) = 0.001127(20 000 - 1000) = 21.41 kJ/kg 

• • 

C.V FWH + P2 select the extraction fraction to be x = mg / m 4 

X hg + (1 - X) h 2 + X (Wp 2 ) = h 4 


h4-h2 


751.66-212.0 


X = 


Turbine: 


h 6 -h 2 -wp 2 3013.7-212.0 + 21.41 

S7 = Sg = S5 & P7=10kPa 


= 0.191 


7.0544 - 0.6493 . 

=> X 7 = =0.85391 


7.5009 


h 7 = 191.81 + 0.85391 x 2392.82 = 2235.1 kJ/kg 


Wt = [ hg - hg + (1 - x) (hg - h 7 ) ] 

= [4069.8-3013.7 + 0.809(3013.7-2235.1)] = 1686kJ/kg 


Wj = 5000 kW = mg X wj = mg X 1686 kJ/kg => mg = 2.966 kg/s 


Ql = mg(l - x) (h 7 - hi) = 2.966 x 0.809 (2235.1 - 191.81) = 4903 kW 



11.52 


Assume the powerplant in Problem 11.43 has one elosed feedwater heater instead 
of the open FWH. The extraetion flow out of the FWH is saturated liquid at 2033 

kPa being dumped into the eondenser and the feedwater is heated to 50”C. Find 
the extraetion flow rate and the total turbine power output. 





State 1: Xj = 0, hj = 298.25 kJ/kg, Vj = 0.001658 m^/kg 

State 3: h 3 = hf + iF^-P^^^)vf=42lAS + (5000-2033)0.001777 = 426.75 kJ/kg 

State 5: h 5 = 421.48 kJ/kg, S 5 = 4.7306 kJ/kg K 

State 6 : Sg = S 5 => Xg = (sg - Sf)/Sfg = 0.99052, hg = 1461.53 kJ/kg 

State 6 a: xg^ = 0 => hg^ = 421.48 kJ/kg 

State 7: S 7 = Sg => xy = (sy - Sf)/Sfg = 0.9236, hy = 1374.43 kJ/kg 
C.VPump PI 

wpi = by - hj = VjCPy - Pi) = 0.001658(5000 - 1003) = 6.627 kJ/kg 

=> hy = hj + wpi = 298.25 + 6.627 = 304.88 kJ/kg 


C.V. Feedwater heater: 


Call mg / mjo, = x (the extraetion fraetion) 


Energy Eq.: by + x hg = 1 hj + x hg^^ 

-^2 _ 426.75 - 304.88 
^“hg-hg^" 1461.53 -421.48 


0.1172 


• • 

mgxtr = X m(o( = 0.1172 X 5 = 0.586 kg/s 

Total turbine work 

• • • 

Wt = mtot(h5 - hg) + (1 - x)mtot (hg - h) 

= 5(1586.3 - 1461.53) + (5 - 0.586)(1461.53 - 1374.43) 

= 1008 kW 

























Nonideal Cycles 

11.53 

Steam enters the turbine of a power plant at 5 MPa and 400°C, and exhausts to the 
eondenser at 10 kPa. The turbine produees a power output of 20 000 kW with an 
isentropie effieieney of 85%. What is the mass flow rate of steam around the 
eyele and the rate of heat rejeetion in the eondenser? Find the thermal effieieney 
of the power plant and how does this eompare with a Carnot eyele. 

Solution; Wj = 20 000 kW and ri^s ^ ^5 % 

State 3: h 3 = 3195.6 kJ/kg , S 3 = 6.6458 kJ/kgK 

State 1: Pj = P 4 = 10 kPa , sat liq , = 0 

Ti =45.8°C ,hi =hf= 191.8 kJ/kg , vj = Vf= 0.00101 m^/kg 
C.V Turbine : 1 st Law: qj + h 3 = h 4 + w^ ; qj = 0 

Wt = h 3 - h 4 , Assume Turbine is isentropie 

S 4 s = S 3 = 6.6458 kJ/kgK , S 4 s = Sf + Sfg , solve for x^^ = 0.7994 

^48 = hf + X 4 shfg = 1091.0 kJ/kg 

Wjs = h 3 - h 4 s =1091 kJ/kg , Wj = rijgWTg = 927.3 kJ/kg 

. Wj 

m = = 21,568 kg/s , h 4 = h 3 - w^ = 2268.3 kJ/kg 

C.V. Condenser: 1st Law : h 4 = hj + q^ + w^, ; w^. = 0 

qc = h 4 -hi = 2076.5 kJ/kg , = in q^ = 44 786 kW 

C.V. Pump; Assume adiabatie, reversible and ineompressible flow 

Wpg = j V dP = vi(P 2 - Pi) = 5.04 kJ/kg 
1st Law: h 2 = hi + Wp = 196.8 kJ/kg 

C.V Boiler : 1st Law : qg + h 2 = h 3 + Wg ; Wg = 0 

qg = h 3 - h 2 = 2998.8 kJ/kg 

Wnet = W 3 '-Wp = 922.3 kJ/kg 

hth = Wnet / Ob = 0-307 

Carnot eyele : Tg = T 3 = 400°C , Tg = T 1 = 45. 8 °C 

Th-Tl 

Th 


hth = 


= 0.526 



11.54 


A steam power plant has a high pressure of 5 MPa and maintains 50°C in the 

eondenser. The boiler exit temperature is 600°C. All the eomponents are ideal 

exeept the turbine whieh has an aetual exit state of saturated vapor at 50°C. Find 
the eyele effieieney with the aetual turbine and the turbine isentropie effieieney. 

Solution; 

A standard Rankine eyele with an aetual non-ideal turbine. 

Boiler exit: hj = 3666.5 kJ/kg, S 3 = 7.2588 kJ/kg K 

Ideal Turbine: 4s: 50°C, s = S 3 => x = (7.2588 - 0.7037)/7.3725 = 0.88913, 

h 4 , = 209.31 + 0.88913 x 2382.75 = 2327.88 kJ/kg 

=> Wjg = h 3 - h 4 g = 1338.62 kJ/kg 

Condenser exit: hj =209.31, Aetual turbine exit: h 4 ^g = hg = 2592.1 

Aetual turbine: Wj^c = h 3 - = 1074.4 kJ/kg 

Tjj = Wj^g / Wjg = 0.803: Isentropie Efficiency 
Pump; Wp = Vi( P 2 - Pi) = 0.001012(5000-12.35) = 5.05 kJ/kg 

h 2 = hj + Wp = 209.31 + 5.05 = 214.36 kJ/kg 
qn = hs - h 2 = 3666.5 - 214.36 = 3452.14 kJ/kg 
Tlcvcie = (Wxac' Wp) / Qh = 0.31: Cycle Efficiency 



11.55 


A steam power eyele has a high pressure of 3.0 MPa and a eondenser exit 
temperature of 45°C. The turbine effieieney is 85%, and other eyele eomponents 
are ideal. If the boiler superheats to 800°C, find the eyele thermal effieieney. 

Solution; 

Basie Rankine eyele as shown in Figure 11.3 in the main text. 

C.V. Turbine; W’p = h^ ■ h 4 , S 4 ~ s^ “!■ S’p 

Ideal Table B. 1.3; S 4 = S 3 = 7.9862 kJ/kg K 

=> X 4 , = (7.9862 - 0.6386)/7.5261 = 0.9763 

h 4 , = hf + X hfg = 188.42 + 0.9763 x 2394.77 = 2526.4 kJ/kg 
Wts = h 3 - h 4 , = 4146 - 2526.4 = 1619.6 kJ/kg 
Aetual; Wj ^<3 = r\x w^ § = 0.85 x 1619.6 = 1376.66 kJ/kg 

C.V. Pump; Wp = j V dP « Vi(P 2 - Pi) = 0.00101 (3000 - 9.6) = 3.02 kJ/kg 

h 2 = hi +wp= 188.42 + 3.02= 191.44 kJ/kg 
C.V. Boiler; qn = h 3 - h 2 = 4146 - 191.44 = 3954.6 kJ/kg 

r\ = (wx^AC ■ wp)/qH = (1376.66 - 3.02)/3954.6 = 0.347 





11.56 


A steam power plant operates with with a high pressure of 5 MPa and has a boiler 
exit temperature of of 600°C reeeiving heat from a 700°C souree. The ambient at 

20°C provides eooling for the eondenser so it ean maintain 45°C inside. All the 
eomponents are ideal exeept for the turbine whieh has an exit state with a quality 
of 97%. Find the work and heat transfer in all eomponents per kg water and the 
turbine isentropie effieieney. Find the rate of entropy generation per kg water in 
the boiler/heat souree setup. 

Solution; 

Take CV around eaeh eomponent steady state in standard Rankine Cyele. 

1: V = 0.00101; h = 188.42, s = 0.6386 (saturated liquid at 45°C). 

3: h = 3666.5 kJ/kg, s = 7.2588 kJ/kg K superheated vapor 
4^,: h= 188.42+ 0.97 x 2394.8 = 2511.4 kJ/kg 

CV Turbine: no heat transfer q = 0 

w^c = hg - h 4 ac = 3666.5 - 2511.4 = 1155.1 kJ/kg 

Ideal turbine: S 4 = S 3 = 7.2588 => X 45 = 0.88, h 4 g = 2295 kJ/kg 

w, = h 3 - h 4 , = 3666.5 - 2295 = 1371.5 kJ/kg, 

Eff = Wac / Ws = 1155.1 / 1371.5 = 0.842 
CV Condenser: no shaft work w = 0 

Oout = h 4 ac - hi = 2511.4 - 188.42 = 2323 kJ/kg 
CV Pump: no heat transfer, q = 0 ineompressible flow so v = eonstant 

w = v(P 2 - Pi) = 0.00101(5000-9.59) = 5.04 kJ/kg 

CV Boiler; no shaft work, w = 0 

qn = hs - h 2 = h 3 - hi - wp = 3666.5 - 188.42 -5.04 = 3473 kJ/kg 

S 2 + (qn/ Tji) + Sgg^ = S 3 and 83 = Si (from pump analysis) 

Sgen = '^•2588 - 0.6386 - 3473/(700+273) = 3.05 kJ/kg K 



11.57 


For the steam power plant deseribed in Problem 11.21, assume the isentropie 
effieieneies of the turbine and pump are 85% and 80%, respeetively. Find the 
eomponent speeifie work and heat transfers and the eyele effieieney. 

Solution: 

This is a standard Rankine eyele with aetual non-ideal turbine and pump. 

CV Pump, Rev & Adiabatie: 

Wp^ = h^g ■ hj = Vj(P 2 - Pj) = 0.00101(3000 - 10) = 3.02 kJ/kg; S 2 ^ = s^ 

'^Pac ^ ’^Ps ^ ^P ^ 3.02/0.8 = 3.775 kJ/kg = h^^ - h^ 

h 2 a = Wpac + hj = 3.775 + 191.81 = 195.58 kJ/kg 
CV Boiler: qjj = h 3 - h 2 ^ = 2804.14 - 195.58 = 2608.56 kJ/kg 

C.V. Turbine : Wj = h 3 - h 4 ; S 4 = S 3 

S 4 = S 3 = 6.1869 = 0.6492+ X 4 (7.501) => X 4 = 0.7383 
=> h 4 = 191.81 + 0.7383 (2392.82) = 1958.34 kJ/kg 

w^^ = 2804.14 - 1958.34 = 845.8 kJ/kg 

w„ = w„ X ri„ = 718.9 = h, - h. 

Tac Ts ‘T 3 4a 

^ 4 a " ^3 ■ '^Tac " 2804.14 - 718.9 = 2085.24 kJ/kg 
CV Condenser: = h^^ ‘ hj = 2085.24 - 191.81 = 1893.4 kJ/kg 

\ycie = Kac' '^Pac )' % = (218-9 - 3.78) / 2608.56 = 0.274 
This eompares to 0.32 for the ideal ease. 


Boiler 



Turbine 



W 


T 


Condenser ^ ^ . 

O Q 



state 2s and 2ae nearly the same 



























11.58 


A small steam power plant has a boiler exit of 3 MPa, 400°C while it maintains 
50 kPa in the eondenser. All the eomponents are ideal exeept the turbine whieh 
has an isentropie effieieney of 80% and it should deliver a shaft power of 9.0 MW 
to an eleetrie generator. Find the speeifie turbine work , the needed flow rate of 
steam and the eyele effieieney. 

Solution; 

This is a standard Rankine eyele with an aetual non-ideal turbine. 

CV Turbine (Ideal): 

S 4 ^ = S 3 = 6.9211 kJ/kgK, X 4 ^ = (6.9211 - 1.091)/6.5029 = 0.8965 
h^^ = 2407.35 kJ/kg, h 3 = 3230.8 kJ/kg 

=> w^,^ = h 3 - h^^ = 823.45 kJ/kg 
CV Turbine (Aetual): 

'^Tac = "It ^ = 658.76 = h 3 - h^^^, => h^^^ = 2572 kJ/kg 

m = W / w^,^^ = 9000/658.76 = 13.66 kg/s 

C.V. Pump; 

Wp = h 2 - hi = vi(P 2 - Pi) = 0.00103 (3000 - 50) = 3.04 kJ/kg 
=> h 2 = hi + Wp = 340.47 + 3.04 = 343.51 kJ/kg 
qn = h 3 - h 2 = 3230.8 - 343.51 = 2887.3 kJ/kg 
"Icycle = Kac ' V ' % = (^58.76 - 3.04) / 2887.3 = 0.227 


C.V. Boiler: 



11.59 


Repeat Problem 11.47 assuming the turbine has an isentropic effieieney of 85%. 

The physieal eomponents and the T-s diagram is as shown in Fig. 11.10 in the 
main text for one open feedwater heater. The same state numbering is used. From 
the Steam Tables: 

State 5: (P, T) hj = 4069.8 kJ/kg, S 5 = 7.0544 kJ/kg K, 

State 1: (P, x = 0) hj = 191.81 kJ/kg, vj = 0.00101 m^/kg 
State 3: (P, x = 0) h 3 = 762.8 kJ/kg, V 3 = 0.001127 m^/kg 
Pump PI: wpi = Vi(P 2 - Pi) = 0.00101 x 990 = 1 kJ/kg 

h 2 = hj + Wpi = 192.81 kJ/kg 
Turbine 5-6: Sg = S 5 ^ hg = 3013.7 kJ/kg 

Wt 56 s = hg ■ hg = 4069.8 - 3013.7 = 1056.1 kJ/kg 

^ Wj 5 g AC ^ 1056.1 X 0.85 = 897.69 kJ/kg 

WT56,AC ^ ^5 - hgAc ^ hgAc = hg - Wjjg AC 

= 4069.8 - 897.69 = 3172.11 kJ/kg 


Feedwater Heater (m^Qj = mg): xmghgAc + (1 - x)m 5 h 2 = m 5 h 3 


hs - h2 


762.8 - 192.81 


X = 


hg-h2 3172.11 - 192.81 


= 0.1913 


To get the turbine work apply the effieieney to the whole turbine, (i.e. the first 
seetion should be slightly different). 


Sys — S/:„ — S 


6s 


xy, = (7.0544 - 0.6493)/7.5009 = 0.85391, 


hys = 191.81 + 0.85391 x 2392.82 = 2235.1 kJ/kg 
Wt57,s = hg - hy, = 4069.8 - 2235.1 = 1834.7 kJ/kg 

Wt57,ac ^ wysy^sTix 1559.5 = hg - hyAc => by AC = 2510.3 kJ/kg 
Find speeifie turbine work to get total flow rate 


W 


^^_ 5000 _ 

TOT - xwjgg + (l-x)wT 5 y “ 0.1913x897.69 + 0.8087x1559.5 " 


m 


Ql = mTOT(l - x)(hy - hi) = 3.489 x 0.8087(2510.3 - 191.81) = 6542 kW 



11.60 


Steam leaves a power plant steam generator at 3.5 MPa, 400°C, and enters the 

turbine at 3.4 MPa, 375°C. The isentropic turbine effieieney is 88%, and the 
turbine exhaust pressure is 10 kPa. Condensate leaves the eondenser and enters 

the pump at 35°C, 10 kPa. The isentropie pump effieieney is 80%, and the 
discharge pressure is 3.7 MPa. The feedwater enters the steam generator at 3.6 

MPa, 30°C. Calculate the thermal efficiency of the cycle and the entropy 
generation for the process in the line between the steam generator exit and the 

turbine inlet, assuming an ambient temperature of 25°C. 



1: hj = 3222.3 kJ/kg, Sj = 6.8405 kJ/kg K, 

2: h 2 = 3165.7 kJ/kg, S 2 = 6.7675 kJ/kg K 

3s: S 3 g = S 2 ^ X 3 g = 0.8157, h 3 g = 2143.6 kJ/kg 

WT,g = h 2 -h 3 g = 3165.7-2143.6 = 1022.1 kJ/kg 

'''t,ac ^ OWj s = 899.4 kJ/kg, 3ac: h 3 = h 2 - Wj = 2266.3 kJ/kg 
-wp g = Vf(P 5 - P 4 ) = 0.001006(3700 - 10) = 3.7 kJ/kg 

■Wp,AC ^ "Wp^s/hp = 4.6 kJ/kg 

qn = hi - hg = 3222.3 - 129.0 = 3093.3 kJ/kg 

h = Wnet/Oh = (899.4 - 4.6)/3093.3 = 0.289 
C.V. Line from 1 to 2: w = 0, 

Energy Eq.: q = h 2 - hi = 3165.7 - 3222.3 = - 56.6 kJ/kg 

Entropy Eq.: Si + Sg^^ + q/Tg = S 2 => 

Sgen = S 2 - Si -q/To = 6.7675 - 6.8405 - (-56.6/298.15) = 0.117 kJ/kg K 




11.61 


In a particular reheat-cycle power plant, steam enters the high-pressure turbine at 

5 MPa, 450°C and expands to 0.5 MPa, after whieh it is reheated to 450°C. The 
steam is then expanded through the low-pressure turbine to 7.5 kPa. Liquid water 

leaves the eondenser at 30°C, is pumped to 5 MPa, and then returned to the steam 
generator. Eaeh turbine is adiabatie with an isentropie efficieney of 87% and the 
pump efficieney is 82%. If the total power output of the turbines is 10 MW, 
determine the mass flow rate of steam, the pump power input and the thermal 
effieieney of the power plant. 



h 4 s = 640.21 + 0.999 x 2108.5 = 2746.6 kJ/kg 
'''ti,s ^ ^3 ■ ^48 = 33 1 6.1 - 2746.6 = 5 69.5 kJ/kg 

Wji = titi.s ^ Wji s ^ X 569.5 = 495.5 kJ/kg 
h 4 ac = 3316.1 - 495.5 = 2820.6 kJ/kg 

Sgs = S 5 = 7.9406 = 0.5764 + Xgg x 7.675 ^ Xgg = 0.9595 
hgs = 168.79 + 0.9595 x 2406 = 2477.3 kJ/kg 
Wt 2 ,s = hj - hgg = 3377.9 - 2477.3 = 900.6 kJ/kg 

Wt 2 = 0.87 X 900.6 = 783.5 kJ/kg 

m = Wt/(wji + Wj 2 ) = 10000/(783.5 + 495.5) = 7.82 kg/s 
b) -wp,s = (0.001004)(5000 - 7.5) = 5.01 kJ/kg 

-Wp = -Wgp/risp = 5.01/0.82 = 6.11 kJ/kg 

Wp = wprii = -7.82 X 6 .11 = -47.8 kW 
qn = (hj - h 2 ) + (hg - h 4 ) = 3316.1 - 130.2 + 3377.9 - 2820.6 = 3743.2 kJ/kg 
Wn = 1279.0 - 6.11 = 1272.9 kJ/kg 

Pth = Wn/Oh = 1272.9/3743.2 = 0.34 


c) 



11.62 


A supercritical steam power plant has a high pressure of 30 MPa and an exit 

condenser temperature of 50°C. The maximum temperature in the boiler is 

1000°C and the turbine exhaust is saturated vapor There is one open feedwater 
heater receiving extraction from the turbine at IMPa, and its exit is saturated 
liquid flowing to pump 2. The isentropic efficiency for the first section and the 
overall turbine are both 88.5%. Find the ratio of the extraction mass flow to total 
flow into turbine. What is the boiler inlet temperature with and without the 
feedwater heater? 


Basically a Rankine Cycle 
1: 50°C, 12.35 kPa, 

h = 209.31 kJ/kg, s = 0.7037 kJ/kg K 
2: 30 MPa 
3: 30 MPa, 1000 °C, 

h = 4554.7 kJ/kg, s = 7.2867 kJ/kg K 
4ac:50°C, x= 1, h = 2592.1 kJ/kg 



a) C.V. Turbine Ideal: = S 3 ^ X 4 S = 0.8929, 

h 4 g = 2336.8 kJ/kg => w^^g ^ ^3 - h 4 s = 2217.86 kJ/kg 
Actual: = h 3 - h 4^(3 = 1962.6 kJ/kg, r\ = g = 0,885 



lb: Sat liq. 179.91°C, h = 762.81 kJ/kg 
3a: 1 MPa, s = S 3 -> h 3 ^ = 3149.09 kJ/kg, 

T 3 jj = 345.96 -> WTis = 1405.6 kJ/kg 

3b: 1 MPa, w^iac = "nwiis = 1243.96 kJ/kg 
WTlac = h3-h3b => h3b = 3310.74 kJ/kg 
la: Wpi = vi(Pia-Pi) ~ 1 kJ/kg 
hia = hj + Wpi = 210.31 kJ/kg 


C.V. Feedwater Heater: riijQjhi^, = mih 3 j, + (riijQj - mi)hia 


^ ihi/riiTOT = X = (hjb - hia)/(h3b - hj^) = 0.178 
c) C.V. Turbine: ( 111 ^ 01)3 = i^ihh + ' mi) 4 AC 

VZp = mpQ'ph3 ” mjh3b ■ (m^QY - m|)h4^Q “ 25 M^^V = m^Q^wx 


Wj = h 3 -xh 3 b - (l-x)h 4^(3 = 1834.7 kJ/kg => riijQj = 13,63 kg/s 
d) C.V. No FWH, Pump Ideal: Wp = h 2 g - hj, S 2 s = Sj 

Steam table ^ h 2 g = 240.1 kJ/kg, T 2 g = 51.2°C 
IFWH, CV:P2. S2b = sib = 2.1386 kJ/kg K => T2b = 183.9°C 

















Cogeneration 

11.63 

A cogenerating steam power plant, as in Fig. 11.13, operates with a boiler output 

of 25 kg/s steam at 7 MPa, 500°C. The eondenser operates at 7.5 kPa and the 
proeess heat is extraeted as 5 kg/s from the turbine at 500 kPa, state 6 and after 
use is returned as saturated liquid at 100 kPa, state 8 . Assume all eomponents are 
ideal and find the temperature after pump 1 , the total turbine output and the total 
proeess heat transfer. 

Solution: 

Pump 1: Inlet state is saturated liquid: hj = 168.79 kJ/kg, Vj = 0.001008 m^/kg 

wpi = IV dP = vj ( P 2 - Pi) = 0.001008( 100 - 7.5) = 0.093 kJ/kg 

Wpi = h 2 - hj => h 2 = hj + Wpi = 168.88 kJ/kg, T 2 = 40,3°C 
Turbine: hj = 3410.3 kJ/kg, S 5 = 6.7974 kJ/kg K 

Pg, Sg = S 5 => Xg = 0.9952, hg = 2738.6 kJ/kg 
Py, S 7 = S 5 => X 7 = 0.8106, hy = 2119.0 kJ/kg 

From the eontinuity equation we have the full flow from 5 to 6 and the remainder 
after the extraetion flow is taken out flows from 6 to 7. 

Wx = ihg ( hg - hg) + 0.80rh5 (hg - hy) = 25 (3410.3 - 2738.6) 

+ 20 (2738.6 - 2119) = 16 792.5 + 12 392 = 29.185 MW 

Qproc = “ 16(^6 - hs) ^ 5(2738.6 - 417.46) = 11.606 MW 


Steam generator 
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proeess 
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11.64 


A 10 kg/s steady supply of saturated-vapor steam at 500 kPa is required for drying 
a wood pulp slurry in a paper mill. It is deeided to supply this steam by 
eogeneration, that is, the steam supply will be the exhaust from a steam turbine. 

Water at 20°C, 100 kPa, is pumped to a pressure of 5 MPa and then fed to a steam 
generator with an exit at 400°C. What is the additional heat transfer rate to the 
steam generator beyond what would have been required to produee only the 
desired steam supply? What is the differenee in net power? 

Solution; 

Desired exit State 4; P 4 = 500 kPa, sat. vap. => X 4 = 1.0, T 4 = 151.9°C 

h 4 = hg = 2748.7 kJ/kg, S 4 = Sg = 6.8212 kJ/kg-K 

Inlet State: 20°C, 100 kPa hj = hf = 83.94 kJ/kg, vj = Vf = 0.001002 m^/kg 

Without Cogeneration; The water is pumped up to 500 kPa and then heated in 
the steam generator to the desired exit T. 

C.V. Pump; Wp^/o = Vi( P 4 - Pj) = 0.4 kJ/kg 

h 2 = hj + wp^/o = 84.3 kJ/kg 

C.V. Steam Generator: = h 4 - h 2 = 2664.4 kJ/kg 

With Cogeneration; The water is pumped to 5 MPa, heated in the steam 
generator to 400°C and then flows through the turbine with desired exit state. 

C.V. Pump: = 1 vdP = Vi( P 2 - Pi) = 4.91 kJ/kg 

h 2 = hi + Wp^ = 88.85 kJ/kg 

C.V. Steam Generator: Exit 400°C, 5 MPa => h 3 = 3195.64 kJ/kg 

Ow = hs - h 2 = 3195.64 - 88.85 = 3106.8 kJ/kg 

C.V.: Turbine, Inlet and exit states given 

Wt = h 3 - h 4 = 3195.64 - 2748.7 = 446.94 kJ/kg 

Comparison 

Additional Heat Transfer; q.^^ - = 3106.8 - 2664.4 = 442.4 kJ/kg 

Qextra = ' Ow/o) = 4424 kW 

Differenee in Net Power: w^nff = (w^ - Wp^) + Wp^/^, 

Wdiff = 446.94 - 4.91 + 0.4 = 442.4 kJ/kg 


Wdiff = ihwdiff = 4424 kW 

By adding the extra heat transfer at the higher pressure and a turbine all the 
extra heat transfer ean eome out as work (it appears as a 100% effieieney) 



11.65 


In a cogenerating steam power plant the turbine reeeives steam from a high- 
pressure steam drum and a low-pressure steam drum as shown in Fig. PI 1.65. The 
eondenser is made as two elosed heat exehangers used to heat water running in a 
separate loop for distriet heating. The high-temperature heater adds 30 MW and 
the low-temperature heaters adds 31 MW to the distriet heating water flow. Find 
the power eogenerated by the turbine and the temperature in the return line to the 
deaerator. 

Solution: 


Inlet states from Table B.1.3 
hj = 3445.9 kJ/kg, Sj = 6.9108 kJ/kg K 

h 2 = 2855.4 kJ/kg, S 2 = 7.0592 kJ/kg K 

ihjQj = ihi + m 2 = 27 kg/s 

Assume a reversible turbine and the 
two flows ean mix without s generation. 






Energy Eq.6.10: 


ihihi + m2h2 = m3h3 + m4h4 + Wj 


Entropy Eq.9.7: 
State 3: 

State 4: 


ihiSj + m 2 S 2 = mTOTVix ^ Smix = 6.9383 kJ/kg K 

5 3 = Sjyiix ^ h 3 = 2632.4 kJ/kg, X 3 = 0.966 

5 4 = Smix ^ h 4 = 2413.5 kJ/kg, X 4 = 0.899 


Wj = 22 X 3445.9 + 5 x 2855.4 - 13 x 2632.4 - 14 x 2413.5 
= 22 077 kW = 22 MW 

• • 

District heating line Qtot ^^(^95 ‘ ^ 60 ) = 60 935 kW 

OK, this matehes elose enough 

• • 

C.V. Both heaters: rn 3 h 3 + m 4 h 4 - Qxot ^ i^tot^ex 

13 X 2632.4 - 14 x 2413.5 - 60 935 = 7075.2 = 21 x hgx 

hEx = 262«hf ^ Tex = 62.5°C 








11.66 


A boiler delivers steam at 10 MPa, 550°C to a two-stage turbine as shown in Fig. 
11.17. After the first stage, 25% of the steam is extraeted at 1.4 MPa for a proeess 

applieation and returned at 1 MPa, 90°C to the feedwater line. The remainder of 
the steam eontinues through the low-pressure turbine stage, whieh exhausts to the 
eondenser at 10 kPa. One pump brings the feedwater to 1 MPa and a seeond pump 
brings it to 10 MPa. Assume the first and seeond stages in the steam turbine have 
isentropie effieieneies of 85% and 80% and that both pumps are ideal. If the 
proeess applieation requires 5 MW of power, how mueh power ean then be 
eogenerated by the turbine? 

Solution; 


5: hj = 3500.9, Sj = 6.7567 kJ/kg K 
First ideal turbine T1 


6 s: s,„ = s, 

OO >) 


hgg = 2932.1 kJ/kg 


Wji s ^ ^5 ■ ^6S ^ ^68.8 kJ/kg 
Now the aetual turbine T1 


w 


T1,AC 


= 483.5 kJ/kg 


h6AC = h5-'^Tl,AC = 3017.4 


Pg, Vc 


SgAc ^ 6.9129 kJ/kg K 



First ideal turbine T2 (it follows the aetual Tl) 

h.^g = 2189.9 kJ/kg 


State 7s: = s^^^ 


'''t2,s ^6 AC ' Ns 827.5 kJ/kg 


'''t2,ac “ P'''t2,s 

Now do the proeess heat requirement 

8 : hg = 377.6 kJ/kg, Op^QC ^ Nac ‘ N ^ 2639.8 kJ/kg 


= = ^ h^^^ = 2355.4 kJ/kg 


ihg = Q/qpj^Q (3 = 5000/2639.8 = 1.894 kg/s = 0.25 111 .^,^.^, 
^ m.j,Q.j, = ihj = 7.576 kg/s, ih.^ = m^ - m^ = 5.682 kg/s 

W„ = ih.h, - mji .. „ - m„h„. „ = 7424 kW 

T 5 5 6 oAC 7 7AC 




11.67 


A smaller power plant produees 25 kg/s steam at 3 MPa, 600 C, in the boiler. It 
eools the eondenser to an exit of 45C and the eyele is shown in Fig. PI 1.67. There 
is an extraetion done at 500 kPa to an open feedwater heater, and in addition a 
steam supply of 5 kg/s is taken out and not returned. The missing 5 kg/s water is 
added to the feedwater heater from a 20C, 500 kPa souree. Find the needed 
extraetion flow rate to eover both the feedwater heater and the steam supply. Find 
the total turbine power output. 

Solution: 

The states properties from Tables B.1.1 and B.1.3 

1:45‘^C, x = 0: hj = 188.42 kJ/kg, vj = 0.00101 m^/kg, Pga^ = 9.59kPa 

5: 3.0 MPa, hOO^C: h 5 = 3682.34 kJ/kg, S 5 = 7.5084 kJ/kg K 
3: 500 kPa, X = 0: hg = 640.21 kJ/kg 8 : hg = 84.41 kJ/kg 
6 : 500 kPa, Sg = S 5 from HP turbine, hg = 3093.26 kJ/kg 
C.V. Pump 1. Reversible and adiabatie. Ineompressible so v = eonstant 

Energy: Wpi = h 2 - hi = j v dP = Vi(P 2 - Pi) 

= 0.00101 (500 - 9.6) = 0.495 kJ/kg 

h 2 = hi + Wpi = 188.42 + 0.495 = 188.915 kJ/kg 
C.V. Turbine seetions 

Entropy Eq.: sy = S 5 = 7.5084 kJ/kg K => two-phase state 

sy = 7.5084 = 0.6386+ X 7 X 7.5261 ^ X 7 = 0.9128 
hy = 188.42 + 0.9128 x 2394.77 = 2374.4 kJ/kg 

C.V. Feedwater heater, ineluding the make-up water flow, x = 1115 / 1115 . 

Energy eq.: ihghg + (1115 - + (liig - m 8 )h 5 = m 5 h 3 

Divide by 1115 and solve for x 


X = 


hg - by + (hg - hg) ihg /1115 ^ 640.21 - 188.915 + (3093.26 - 84.41)5/25 

3093.26- 188.915 


h6-h2 


= 0.3626 


ihg = X ihg = 0.3626 x 25 = 9.065 kg/s 
C.V. Turbine energy equation 

W„ = ih.h, - ih ,h, - m_h„ 

T 5 5 6 6 7 7 

= 25 X 3682.34 - 9.065 x 3093.26 - 16.935 x 2374.4 

= 26 182 kW 


Brayton Cycles, Gas Turbines 


11.68 


Consider an ideal air-standard Brayton eyele in whieh the air into the eompressor 
is at 100 kPa, 20°C, and the pressure ratio aeross the eompressor is 12:1. The 
maximum temperature in the eyele is 1100°C, and the air flow rate is 10 kg/s. 
Assume constant specific heat for the air, value from Table A.5. Determine the 
compressor work, the turbine work, and the thermal efficiency of the cycle. 


Solution: 



Compression ratio 

P. 

= 12 


P 


1 


Max temperature 
T 3 = 1100°C 


ih = 10 kg/s 


The compression is reversible and adiabatic so constant s. From Eq.8.32 


T^ = T 


1 


/t. \k-l 


P 




= 293.2(12)™ = 596.8 K 


Energy equation with compressor work in 


Wr = -1W2 


= Cpo(T 2 - Tj) = 1.004(596.8 - 293.2) = 304.8 kJ/kg 
The expansion is reversible and adiabatic so constant s. From Eq.8.32 


T. =T 


/t-. \k-l 


P 




= 1373.2 


f 1 Y-286 

[w 


= 674.7 K 


Energy equation with turbine work out 

wj = Cpo(T 3 - T 4 ) = 1.004(1373.2 - 674.7) = 701.3 kJ/kg 
Scale the work with the mass flow rate 


Wc = mwc = 3048 kW, Wj = mwj = 7013 kW 

Energy added by the combustion process 

qn = Cpo(T 3 - T 2 ) = 1.004(1373.2 - 596.8) = 779.5 kJ/kg 
Pth = Wnet/Oh = (VO 1.3 - 304.8)/779.5 = 0.509 



11.69 


Repeat Problem 11.68, but assume variable speeifie heat for the air, table A.7. 
Consider an ideal air-standard Brayton eyele in whieh the air into the eompressor 

is at 100 kPa, 20°C, and the pressure ratio aeross the eompressor is 12:1. The 

maximum temperature in the eyele is 1100°C, and the air flow rate is 10 kg/s. 
Assume eonstant speeifie heat for the air, value from Table A.5. Determine the 
eompressor work, the turbine work, and the thermal effieieney of the eyele. 

Solution: 


From A.7: hj = 293.6 kJ/kg, s-j.j = 6.84597 kJ/kg K 

The eompression is reversible and adiabatie so eonstant s. From Eq.8.28 


S2 = Sl 


s ^2 = s^i + Rln(P 2 /Pi) = 6.84597 + 0.2871nl2 = 7.55914 


^ T 2 = 590 K, h 2 = 597.2 kJ/kg 

Energy equation with eompressor work in 

Wc = - 1 W 2 = h 2 - hj = 597.2 - 293.6 = 303.6 kJ/kg 
The expansion is reversible and adiabatie so eonstant s. From Eq.8.28 

FromA.7: h 3 = 1483.1, s^^ = 8.50554 


Syl = S 


^ s ^4 = + Rln(P 4 /P 3 ) = 8.50554 + 0.2871n(l/12) = 7.79237 

^ T 4 = 734.8 K, h 4 = 751.1 kJ/kg 

Energy equation with turbine work out 

WT = h 3 -h 4 = 1483.1 - 751.1 = 732 kJ/kg 
Seale the work with the mass flow rate 


^ Wc = mwc = 3036 kW, = mwj = 7320 kW 

Energy added by the eombustion proeess 

qn = hs - h 2 = 1483.1 - 597.2 = 885.9 kJ/kg 
Wnet = Wj - Wc = 732 - 303.6 = 428.4 kJ/kg 
Pth ^ w^Ex/qH = 428.4/885.9 = 0.484 



11.70 


A Brayton cycle inlet is at 300 K, 100 kPa and the combustion adds 670 kJ/kg. 
The maximum temperature is 1200 K due to material eonsiderations. What is the 
maximum allowed eompression ratio? For this ealeulate the net work and cycle 
effieieney assuming variable speeifie heat for the air, table A. 7. 

Solution; 

Combustion: h 3 = h 2 + qn; 2^3 = 0 and ^ T 3 = 1200 K 

h 2 = h 3 - qn = 1277.8 - 670 = 607.8 kJ/kg 
From Table A.7.1 

T 2 « 600 K; s ^2 = 2.57638 ; Tj = 300 K; s” j = 6.86926 kJ/kg K 
Reversible adiabatie eompression leads to eonstant s, from Eq.8.28: 

P 2 / ?! = exp[ (s ^2 ■ Sj^yR ] = exp(2.4638) = 11.75 
Reversible adiabatie expansion leads to eonstant s, from Eq.8.28 

s ^4 = s ^3 + R ln(P 4 / P 3 ) = 8.34596 + 0.287 ln(l / 11.75) = 7.6388 kJ/kgK 

From Table A.7.1 by linear interpolation T 4 « 636.6 K, h 4 = 645.97 kJ/kg 

Wt = h 3 - h 4 = 1277.8 - 645.97 = 631.8 kJ/kg 
wc = h 2 - hi = 607.8 - 300.47 = 307.3 kJ/kg 
Wnet = Wj - W (2 = 631.8 - 307.3 = 324.5 kJ/kg 
T] = Wjjgt / qn = 324.5 / 670 = 0.484 



11.71 


A large stationary Brayton cycle gas-turbine power plant delivers a power output 
of 100 MW to an electric generator. The minimum temperature in the cycle is 300 
K, and the maximum temperature is 1600 K. The minimum pressure in the cycle 
is 100 kPa, and the compressor pressure ratio is 14 to 1. Calculate the power 
output of the turbine. What fraction of the turbine output is required to drive the 
compressor? What is the thermal efficiency of the cycle? 

Solution; 

Brayton cycle so this means: 

Minimum T: Tj = 300 K 

Maximum T; T 3 = 1600 K 

Pressure ratio: P 2 /P 1 = 14 

Solve using constant CpQ 

Compression in compressor: §2 = Sj ^ Implemented in Eq.8.32 

k-l 

T 2 = Ti(P 2 /Pi) k = 300(14)‘’-286 = 638.1 K 
wc = h 2 - hi = Cpo(T 2 - Ti) = 1.004 (638.1 - 300) = 339.5 kJ/kg 
Expansion in turbine: S 4 = S 3 ^ Implemented in Eq.8.32 

k-l 

T 4 = T 3 (P 4 /P 3 ) k = 1600 (1/14)°-^*'^ = 752.2 K 
Wt = h 3 - h 4 = Cpo(T 3 - T 4 ) = 1.004 (1600 - 752.2) = 851.2 kJ/kg 
Wnet = 851.2 - 339.5 = 511.7 kJ/kg 
Do the overall net and cycle efficiency 

m = Wi 4 Ej/wi 4 Ej = 100000/511.7= 195.4 kg/s 

Wt = riiwj = 195.4 X 851.2 = 166.32 MW 
Wc/wt = 339.5/851.2 = 0.399 

Energy input is from the combustor 

qn = Cpo(T 3 - T 2 ) = 1.004 (1600 - 638.1) = 965.7 kJ/kg 
Pth ^ Wi4et/9h ^ 511.7/965.7 = 0.530 




11.72 


A Brayton cycle produces 14 MW with an inlet state of 17°C, 100 kPa, and a 
eompression ratio of 16:1. The heat added in the eombustion is 960 kJ/kg. What 
are the highest temperature and the mass flow rate of air, assuming eold air 
properties? 

Solution: 

Effieieney is from Eq. 11.8 




^net . -(k-l)/k 

-=-= 1 . j- ^ =1- 


Qh 


Oh 


16 


- 0 . 4 / 1.4 


= 0.547 


P 


from the required power we ean find the needed heat transfer 

14 000 

Qh= W,,,/Ti=-^ = 25 594kW 


m = Qh / Qh 25 594 kW/ 960 kJ/kg = 26.66 kg/s 


Temperature after eompression is 

Ti = Ti = 290 X = 640.35 K 


P 


The highest temperature is after eombustion 


T 3 = T 2 + qn/Cp = 640.35 + 


960 

1.004 


= 1596.5 K 



11.73 


Do the previous problem with properties from table A.7.1 instead of eold air 
properties. 

Solution; 

With the variable speeifie heat we must go through the proeesses one by one to 
get net work and the highest temperature T 3 . 

From A.7.1: hj = 290.43 kJ/kg, s^j = 6.83521 kJ/kg K 

The eompression is reversible and adiabatie so constant s. From Eq.8.28 

S 2 = si ^ s °2 = Sti+R ln(P 2 /Pi) = 6.83521 +0.287 lnl6 = 7.63094 


^ T 2 = 631.9 K, h 2 = 641 kJ/kg 

Energy equation with compressor work in 

Wc = - 1 W 2 = h 2 - hj = 641 - 290.43 = 350.57 kJ/kg 
Energy Eq. combustor: hj = h 2 + qn = 641 + 960 = 1601 kJ/kg 


State 3: (P, h): T 3 = 1471 K, s ^3 = 8.58811 kJ/kg K 

The expansion is reversible and adiabatic so constant s. From Eq.8.28 

84 = S 3 ^ s ^4 = s ^3 + Rln(P 4 /P 3 ) = 8.58811 + 0.2871n(l/16) = 7.79238 
^ T 4 = 734.8 K, h 4 = 751.11 kJ/kg 

Energy equation with turbine work out 

WT = h 3 -h 4 = 1601 -751.11 =849.89 kJ/kg 
Now the net work is 

Wnet = Wx - W (3 = 849.89 - 350.57 = 499.32 kJ/kg 
The total required power requires a mass flow rate as 



14 000 kW 
499.32 kJ/kg 


= 28,04 kg/s 



Regenerators, Intercoolers, and Nonideal Cycles 


11.74 


An ideal regenerator is ineorporated into the ideal air-standard Brayton eyele of 
Problem 11.68. Find the thermal effieieney of the eyele with this modifieation. 
Consider an ideal air-standard Brayton eyele in whieh the air into the eompressor 

is at 100 kPa, 20°C, and the pressure ratio aeross the eompressor is 12:1. The 
maximum temperature in the eyele is 1100°C, and the air flow rate is 10 kg/s. 
Assume eonstant speeific heat for the air, value from Table A.5. Determine the 
eompressor work, the turbine work, and the thermal effieieney of the eyele. 


Solution; 



Compression ratio 

P 2 

= 12 


P 


1 


Max temperature 
T 3 = 1100°C 


in = 10 kg/s 


The eompression is reversible and adiabatic so constant s. From Eq.8.32 


T^ = T 


1 


/t. \k-l 


h 

vPiy 


= 293.2(12)™ = 596.8 K 


Energy equation with compressor work in 

wc = h 2 - hi = Cpo(T 2 - Ti) = 1.004(596.8 - 293.2) = 304.8 kJ/kg 
The expansion is reversible and adiabatic so constant s. From Eq.8.32 


T. =T 


/t-. \k-l 


P 




r 1 ^ 


= 1373.2' ^ 


12 


0.286 


= 674.7 K 


VI 


Energy equation with turbine work out 


wj = Cpo(T 3 - T 4 ) = 1.004(1373.2 - 674.7) = 701.3 kJ/kg 


Ideal regenerator: 


Tx = T 4 = 674.7 K 


qn = hs - hx = 1.004(1373.2 - 674.7) = 701.3 kJ/kg = wj 


Eth ^ Wxet/Oh ^ (701.3 - 304.8)/701.3 = 0.565 



11.75 


The gas-turbine eyele shown in Fig. PI 1.75 is used as an automotive engine. In 
the first turbine, the gas expands to pressure just low enough for this turbine to 

drive the eompressor. The gas is then expanded through the seeond turbine 
eonnected to the drive wheels. The data for the engine are shown in the figure and 
assume that all proeesses are ideal. Determine the intermediate pressure the 

net speeifie work output of the engine, and the mass flow rate through the engine. 
Find also the air temperature entering the burner and the thermal effieieney of 

the engine. 

a) Consider the eompressor 


S2 = Si 


T =T 
2 1 


\ k-1 


P 


vP.y 


= 300(6)“-^“ = 500.8 K 


_w = _w = 

C 12 


Cpo(T 2 - Tj) = 1.004(500.8 - 300) = 201.6 kJ/kg 


Consider then the first turbine work 


w 


T1 


= -w^ = 201.6 = C^^(T, - T,) = 1.004(1600 - TJ 


PO 



T^ = 1399.2 K 


S5 = S4 


P =P 

^5 ^4 


Ct-i \k-l 


T 


T 

V 4 ; 




V 


1600 


= 375 kPa 


j 




T =T 

6 5 


\k-l 


P 


6 




Y n 0030.286 

= 1399.2 ^ 

ij/ 


= 958.8 K 


The second turbine gives the net work out 
w.,, = Cpq(T 3 - TJ = 1.004(1399.2 - 958.8) = 442.2 kJ/kg 


in = Wj^p.p/w.p 2 ^ 150/442.2 = 0,339 kg/s 
c) Ideal regenerator ^ T^ = T^ = 958,8 K 

Ojj = Cpp(T 4 - T 3 ) = 1.004(1600 - 958.8) = 643.8 kJ/kg 
113,33 = ^ 442.2/643.8 = 0,687 



11.76 


Repeat Problem 11.71, but inelude a regenerator with 75% effieieney in the eycle. 
A large stationary Brayton eyele gas-turbine power plant delivers a power output 
of 100 MW to an eleetrio generator. The minimum temperature in the eyele is 300 
K, and the maximum temperature is 1600 K. The minimum pressure in the eycle 
is 100 kPa, and the compressor pressure ratio is 14 to 1. Calculate the power 
output of the turbine. What fraction of the turbine output is required to drive the 
compressor? What is the thermal efficiency of the cycle? 

Solution; 

Both compressor and turbine are reversible and adiabatic so constant s, Eq.8.32 
relates then T to P assuming constant heat capacity. 

M 

Compressor: ^^2 = Ti(P 2 /Pi) ^ = 300(14)°-2^^ = 638.1 K 

wc = h 2 - hi = Cpo(T 2 - Ti) = 1.004 (638.1 - 300) = 339.5 kJ/kg 

k-1 

Turbine S 4 = S 3 ^ T 4 = TgCP^Pj) k = 1600 (1/14)°-^^® = 752.2 K 

Wt = h 3 - h 4 = Cpo(T 3 - T 4 ) = 1.004 (1600 - 752.2) = 851.2 kJ/kg 
Wnet = 851.2 - 339.5 = 511.7 kJ/kg 

m = Wj^Ej/wi^EE = 100 000/511.7= 195.4 kg/s 


Wt = mwT = 195.4 X 851.2 = 166.32 MW 
Wc/wt = 339.5/851.2 = 0.399 



For the regenerator 


hx-h2 

fiREG - 0-75 - 


Tx-T2 

T4-T2 


Tx-638.1 
752.2 -638.1 


^ Tx = 723.7 K 

Turbine and compressor work not affected by 

regenerator. 


Combustor needs to add less energy with the regenerator as 

qn = Cpo(T3 - Tx) = 1.004(1600 - 723.7) = 879.8 kJ/kg 
Pth ^ Witej/Oh = 511.7/879.8 = 0.582 



11.77 


A two-stage air compressor has an intercooler between the two stages as shown in 
Fig. PI 1.77. The inlet state is 100 kPa, 290 K, and the final exit pressure is 1.6 
MPa. Assume that the constant pressure intercooler cools the air to the inlet 

1 /O 

temperature, T 3 = Tj. It can be shown that the optimal pressure, P 2 = (P 1 P 4 ) , 

for minimum total compressor work. Find the specific compressor works and the 
intercooler heat transfer for the optimal P 2 . 

Solution; 

Optimal intercooler pressure P 2 = ^/lOO x 1600 = 400 kPa 

1: hi =290.43, s”i = 6.83521 
C.V. Cl: W( 2 i=h 2 -hi, S 2 = Si leading to Eq.8.28 

^ s °2 = Sti +Rln(P 2 /Pi) = 6.83521 +0.287 In 4 = 7.2331 

^ T 2 = 430.3 K, h 2 = 432.05 kJ/kg 
wci = 432.05 - 290.43 = 141.6 kJ/kg 
C.V. Cooler: 13 = Tj ^ h 3 = hi 

OouT ^ ^2 - h 3 = h 2 - hj = W( 2 i = 141.6 kJ/kg 

C.V. C2: T 3 = Ti, S 4 = S 3 and since Sj 3 = s^j , P 4 /P 3 = P 2 /Pi 

^ Sj 4 = Sj 3 + R ln(P 4 /P 3 ) = Sj 2 , so we have T 4 = T 2 
Thus we get W (22 = = 141.6 kJ/kg 




11.78 


A two-stage compressor in a gas turbine brings atmospheric air at 100 kPa, 17°C 

to 500 kPa, then cools it in an intercooler to 27®C at constant P. The second stage 
brings the air to 1000 kPa. Assume both stages are adiabatic and reversible. Find 
the combined specific work to the compressor stages. Compare that to the specific 
work for the case of no intercooler (i.e. one compressor from 100 to 1000 kPa). 

Solution; 

C.V. Stage 1: 1 => 2 

Reversible and adiabatic gives constant s which from Eq.8.32 gives: 

Ti = Tj = 290 (500/100) = 459.3 K 

w^iin = Cp( T 2 - Ti) = 1.004(459.3 -290) = 187.0 kJ/kg 
C.V. Stage 2: 3 => 4 

Reversible and adiabatic gives constant s which from Eq.8.32 gives: 

T 4 = T 3 (P 4 /P 3 )('"-l)/’" = 300 (1000/500) = 365.7 K 

Wc 2 in = Cp( T 4 - T 3 ) = 1.004(365.7 - 300) = 65.96 kJ/kg 

Wtot ^ Wgi + Wg 2 = 187 + 65.96 = 253 kJ/kg 

The intercooler reduces the work for stage 2 as T is lower and so is specific 
volume. 

C.V. One compressor 1 => 5 

Reversible and adiabatic gives constant s which from Eq.8.32 gives: 

T 5 = Tj (Ps/Pi)^'"-!)/’" = 290 (1000/100) = 559.88 K 

Wi„ = Cp( T 5 - Tj) = 1.004(559.88 -290) = 271 kJ/kg 



The reduction in work due to the intercooler is shaded in the P-v diagram. 



11.79 


A gas turbine with air as the working fluid has two ideal turbine seetions, as 
shown in Fig. PI 1.79, the first of whieh drives the ideal eompressor, with the 
seeond producing the power output. The compressor input is at 290 K, 100 kPa, 
and the exit is at 450 kPa. A fraction of flow, x, bypasses the burner and the rest 

(1 - x) goes through the burner where 1200 kJ/kg is added by combustion. The 
two flows then mix before entering the first turbine and continue through the 
second turbine, with exhaust at 100 kPa. If the mixing should result in a 
temperature of 1000 K into the first turbine find the fraction x. Find the required 
pressure and temperature into the second turbine and its specific power output. 


C.V.Comp.: -Wj^ = h 2 -hj; = s^ 

Reversible and adiabatic gives constant s which from Eq.8.32 gives: 

Ti = Tj = 290 (450/100) = 445.7 K 

= 447.75 kJ/kg, -w^ = 447.75 - 290.43 = 157.3 kJ/kg 

C.V.Burner: h 3 = h^ + q^^ = 447.75 + 1200 = 1647.75 kJ/kg 


T 3 = 1510K 


C.V.Mixing chamber: (1 - x)h 3 + xh^ = h^^^^ = 1046.22 kJ/kg 

^s'Vix 1647.75 - 1046.22 . 

X = -;— = = 0,5013 


^3 ' ^2 


1647.75 -447.75 


W^, = W„. 

T1 C,in 


w^.^ = -w^ = 157.3 = h 3 - h^ 


h. = 1046.22 - 157.3 = 888.9 kJ/kg 


T^ = 860 K 


P 4 = = 450 X (860/1000)3 5 , 


s = s 


T, = T^ = 860 (100/265)^-2^^^ 


h= 661.2 kJ/kg 


W 


T2 


= h, - h = 888.9 - 661.2 = 227.7 kJ/kg 


= 651 K 



11.80 


Repeat Problem 11.71, but assume that the compressor has an isentropic 
efficiency of 85% and the turbine an isentropic efficiency of 88 %. 

Solution: 

Brayton cycle so this means: 

Minimum T: Tj = 300 K 

Maximum T: 73 = 1600 K 

Pressure ratio: P 2 /P 1 ^14 

Solve using constant Cpg 
Ideal compressor: §2 = Sj ^ Implemented in Eq.8.32 

k-l 

T2s = Ti(P 2 /Pi) ^ = 300(14)‘^-2*^ = 638.1 K 

wcs = h 2 - hi = Cpo(T 2 - Ti) = 1.004 (638.1 - 300) = 339.5 kJ/kg 

Actual compressor 

^ wc = wsc/risc = 339.5/0.85 = 399.4 kJ/kg = Cpo(T 2 -Ti) 

^ T 2 = Ti + w,/Cpo = 300 + 399.4/1.004 = 697.8 K 
Ideal turbine: S 4 = S 3 ^ Implemented in Eq.8.32 

k-l 

T 4 s = TsCPyPs) k = 1600 (1/14)°-^^^ = 752.2 K 

wts = h 3 - h 4 = Cpo(T 3 - T 4 ) = 1.004 (1600 - 752.2) = 851.2 kJ/kg 
Actual turbine 

=^Wj = PsT = 0.88 X 851.2 = 749.1 kJ/kg = Cpq(T 3 -T 4 ) 

^ T 4 = T 3 - wx/Cpo = 1600 - 749.1/1.004 = 853.9 K 

Do the overall net and cycle efficiency 

Wnet = 749.1 - 399.4 = 349.7 kJ/kg 

in = Wi 4 Ej/wi 4 Ej = 100000/349.7 = 286.0 kg/s 

W-r = ihwT = 286.0x749.1 = 214.2 MW 
wc/wj = 399.4/749.1 = 0.533 

Energy input is from the combustor 

qn = Cpo(T 3 - T 2 ) = 1.004(1600 - 697.8) = 905.8 kJ/kg 
Pth ^ w^Ep/qH = 349.7/905.8 = 0.386 




11.81 


Repeat Problem 11.77 when the intercooler brings the air to = 320 K. The 

corrected formula for the optimal pressure is P 2 = [ P^P^ 

Problem 9.184, where n is the exponent in the assumed polytropic process. 

Solution; 

The polytropic process has n = k (isentropic) so n/(n - 1) = 1.4/0.4 = 3.5 

P 2 = 400 V(320/29o 7^ = 475.2 kPa 

k-1 

C.V. Cl: S 2 = Sj ^ T^ = Tj (P^/Pj) k = 290 (475.2/100)®-^^^^ = 452.67 K 

-w^j = h^-\ = CpCT^ - Tj) = 1.004(452.67 - 290) = 163.3 kJ/kg 
C.V. Cooler: = h^ - h 3 = 1.004(452.67 - 320) = 133.2 kJ/kg 

k-1 

C.V. C2:s4 = S 3 ^ T 4 = T 3 (PyP 3 )k = 320 (1600/475.2)‘^'2^^^ = 452.67 K 

-Wc 2 = h4 - h 3 = Cp(T 2 - Tj) = 1.004(452.67 - 320) = 133.2 kJ/kg 



11.82 


Consider an ideal gas-turbine eyele with two stages of eompression and two 
stages of expansion. The pressure ratio aeross eaeh eompressor stage and eaeh 
turbine stage is 8 to 1. The pressure at the entrance to the first compressor is 100 

kPa, the temperature entering each compressor is 20°C, and the temperature 

entering each turbine is 1100°C. An ideal regenerator is also incorporated into the 
cycle. Determine the compressor work, the turbine work, and the thermal 
efficiency of the cycle. 


Solution: 



P2/Pi=P4/P3 = P6/P7 = P8/P9 = 8.0 

Pi = lOOkPa 

Ti = T3 = 20T, T6 = T8 = 1100T 
Assume constant specific heat 
S 2 = Sj and S 4 = S 3 ^ 


T4 = T2 = Ti 




vPiy 


= 293.2(8) 


0.286 _ 


= 531.4 K 


T 


4 


3 



9 


Total wc = 2 X W 12 = 2 Cpo(T 2 - Tj) = 2 x 1.004(531.4 - 293.2) = 478.1 kJ/kg 


Also S 5 = S 7 and Sg = S 9 : 


T7 = T9 = T6 


/'-ru \k-l 


P 


7 






= 1373.2 


ri 

v8y 


0.286 


= 757.6 K 


Total Wt = 2 X W 67 = 2Cpo(T6 - T 7 ) = 2 x 1.004(1373.2 - 756.7) = 1235.5 kJ/kg 

Wnet = 1235.5 - 478.1 = 757.4 kJ/kg 

Ideal regenerator: T 5 = T 9 , Tjq = T 4 

Oh (1^6 ■ 1 ^ 5 ) (1^8 ■ 1 ^ 7 ) 2Cpo(Tg - T 5 ) 


= 2 X 1.004(1373.2 - 757.6) = 1235.5 kJ/kg 
TiT-pj = = 757.4/1235.5 = 0.613 





11.83 


A gas turbine cycle has two stages of compression, with an intercooler between 
the stages. Air enters the first stage at 100 kPa, 300 K. The pressure ratio across 
each compressor stage is 5 to 1, and each stage has an isentropic efficiency of 
82%. Air exits the intercooler at 330 K. Calculate the temperature at the exit of 
each compressor stage and the total specific work required. 

Solution: 

State 1: Pi = 100 kPa, Tj = 300 K 
State 3 :T 3 = 330 K 

P 2 = 5Pi = 500kPa; P 4 = 5 P 3 = 2500 kPa 
Energy Eq.: Wci + hi =h 2 => w^ = h 2 - hi = Cp(T 2 - Ti) 

Ideal Cl constant s, Eq.8.32: T 2 S = Ti (P 2 /P 1 ^= 475.4 K 

Wci s ^ Cp(T 2 s - Tj) = 176.0 kJ/kg, 

Actual Eq.9.28: w^i = w^i ^/ri = 176/0.82 = 214.6 kJ/kg 

T 2 = Ti + Wci/Cp = 513.7 K 

Ideal C2 constant s, Eq.8.32: T 45 = T 3 (P 4 /P 3 )*''^'^^^'^ = 552.6 K 

Wc 2 s = Cp(T4,-T3)=193.4kJ/kg; 


Actual Eq.9.28: Wg 2 = Wg 2 s/h = 235.9 kJ/kg 

T 4 = T 3 + Wc 2 / Cp = 565 K 
Total work in: 




11.84 


Repeat the questions in Problem 11.75 when we assume that friction causes 
pressure drops in the burner and on both sides of the regenerator. In each case, the 
pressure drop is estimated to be 2 % of the inlet pressure to that component of the 
system, so = 588 kPa, = 0.98 ^3 and P^ = 102 kPa. 

Solution; 


a) From solution 11.75: T = T ^ 


xki 

- = 300(6)®-28® = 500.8 K 


_W = _W = 

C 12 


Cpo(T 2 - Tj) = 1.004(500.8 - 300) = 201.6 kJ/kg 


P 3 = 0.98 X 600 = 588 kPa, P^ = 0.98 x 588 = 576.2 kPa 

— /1399 2\ss 

S 5 = S 4 ^ P 5 = P 4 (T 5 s/T/-i = 576.2(^^)^-^= 360.4 kPa 


b)P= 100/0.98= 102 kPa, s^ = s, 

^6 ’ 6S 5 



1399.2 


102 Y -286 

292.8; 


= 975.2 K 


WgT 2 = CpoCTj-Tg) = 1.004(1399.2 - 975.2) = 425.7 kJ/kg 


m = W ^= 150/425.7 = 0.352 kg/s 

NET NET ® 

c) T 3 = Tg = 975.2 K 

qjj = Cpq(T 4 - T 3 ) = 1.004 (1600 - 975.2) = 627.3 kJ/kg 
^3,33 = W 3 ^p 3 ,/q 33 = 425.7/627.3 = 0.678 



Ericsson Cycles 
11.85 


Consider an ideal air-standard Ericsson cycle that has an ideal regenerator as 
shown in Fig. PI 1.85. The high pressure is 1 MPa and the cycle efficiency is 
70%. Heat is rejected in the cycle at a temperature of 300 K, and the cycle 
pressure at the beginning of the isothermal compression process is 100 kPa. 
Determine the high temperature, the compressor work, and the turbine work per 
kilogram of air. 



P 2 = P 3 = 1 MPa 
Tj = = 300 K 

Pj = lOOkPa 
203 = -401 (ideal reg.) 

^ ~ 3*^4 ^ “ “Ih 

rp = P 2 /Pl = 10 


Pth Pcarnotth. 0.7 


= T. = = 1000 K 

3 4 n 


Ol ^ ■''"c ^ dP = RTjln 


/^T\ \ 


P 




= 0.287 X 300 X In 


riooo 

UOO 


= 198.25 




w 


T = qn = -/v dP = -RT^ln(PyP^) = 660.8 kJ/kg 


4 3 



11.86 


An air-standard Ericsson cycle has an ideal regenerator. Heat is supplied at 

1000°C and heat is rejeeted at 20°C. Pressure at the beginning of the isothermal 
eompression proeess is 70 kPa. The heat added is 600 kJ/kg. Find the eompressor 
work, the turbine work, and the eyele effieieney. 

Solution; 


Identify the states 

Heat supplied at high temperature 

Heat rejeeted at low temperature 
Beginning of the eompression: 

Ideal regenerator: 


13 = 14 = 1000°C = 1273.15 K 

Tj = T 2 = 20°C = 293.15 K 
Pj = 70kPa 

^ ^ 3^4 


^ W 3 , = = 600 kJ/kg 


TH 


CARNOT 


= 1 - 


293.15 

1273.15 


= 0.7697 


Wj^g^, = = 0.7697 x 600 = 461.82 kJ/kg 

q^ = -w^ = 600 - 461.82 = 138.2 kJ/kg 




Jet Engine Cycles 



11.87 


Consider an ideal air-standard eyele for a gas-turbine, jet propulsion unit, sueh as 
that shown in Fig. 11.27. The pressure and temperature entering the eompressor 
are 90 kPa, 290 K. The pressure ratio aeross the eompressor is 14 to 1, and the 
turbine inlet temperature is 1500 K. When the air leaves the turbine, it enters the 
nozzle and expands to 90 kPa. Determine the pressure at the nozzle inlet and the 
veloeity of the air leaving the nozzle. 

Solution; 



C.V. Compressor; Reversible and adiabatie S 2 = Si FromEq.8.28 

^ s ^2 = Sti + ^ ln(P 2 /Pi) = 6.83521 + 0.287 In 14 = 7.59262 kJ/kg K 

From A.7 h 2 = 617.2 kJ/kg, T 2 = 609.4 K 
wc = h 2 - hi = 617.2 - 290.43 = 326.8 kJ/kg 
C.V. Turbine; = h 3 - h 4 = and S 4 = S 3 ^ 

h 4 = h 3 - Wc = 1635.8 - 326.8 = 1309 

^ s ^4 = 8.37142 kJ/kgK, T 4 = 1227K 

P 4 = P 3 exp[(s °4 - s” 3 )/R] = 1260 exp[ (8.37142 - 8.61208)/0.287 ] 

= 1260 exp(-0.83854) = 544,8 kPa 
C.V. Nozzle; S 5 = S 4 = S 3 so from Eq.8.28 

^ s ^5 = s ^3 + R ln(P 5 /P 3 ) = 8.61208 + 0.287 In (1/14) = 7.85467 kJ/kgK 

=> From A.7 T 5 = 778 K, hj = 798.2 kJ/kg 
Now the energy equation 

(l/2)Vi = h 4 -h 5 = 510.8 ^ V 5 = y/2 x 1000 x 510.8 = 1011 m/s 




11.88 


The turbine seetion in a jet engine reeeives gas (assume air) at 1200 K, 800 kPa 
with an ambient atmosphere at 80 kPa. The turbine is followed by a nozzle open 
to the atmosphere and all the turbine work drives a eompressor reeeiving air at 85 
kPa, 270 K with the same flow rate. Find the turbine exit pressure so the nozzle 
has an exit velocity of 800 m/s. To what pressure can the compressor bring the 
incomming air? 

Solution; 

C.V. Reversible and adiabatic turbine and nozzle. This gives constant s, from 
Eq.8.32 we can relate the T’s and P’s 

State 1: 1200 K, 800 kPa State 3: 80kPa; S 3 = Sj 

Eq.8.32: T 3 = Tj (P 3 /Pi)('"- 1 )/’" = 1200(80/800) = 621.56 K 

Energy: hj + 0 = h 3 + ( 1 / 2 )V 3 + w^ = h 2 + w^ 

Wt = hi - h 3 - (1/2)V^ ^ Cp(Ti - T 3 ) - (1/2)V^ 

= 1.004(1200-621.56)-(1/2) X 800^/1000 
= 580.75 - 320 = 260.75 kJ/kg 
C.V. Nozzle alone to establish state 2. 

h2 = h3 + (l/2)V| 

T 2 = T 3 + (1/2)V^/Cp = 62E56 + 320/1.004 = 940.29 K 

P 2 = Pi + (T 2 /Ti)'^('"- 1 ) = 800 X (940.29/1200)^'^ = 340.7 kPa 

C.V. Compressor 

Wg = hg - hi = Wp = 260.75 kJ/kg 

Tg = Ti + Wg/ Cp = 270 + 260.75/1.004 = 529.71 K 

Reversible adiabatic compressor, constant s gives relation in Eq.8.32 

Pg = Pi X (Tg/Ti)’^^’"-^^ = 85 X (529.71/270)^'^ = 899 kPa 



3 


s 



11.89 


The turbine in a jet engine reeeives air at 1250 K, 1.5 MPa. It exhausts to a nozzle 
at 250 kPa, whieh in turn exhausts to the atmosphere at 100 kPa. The isentropie 
effieieney of the turbine is 85% and the nozzle effieieney is 95%. Find the nozzle 
inlet temperature and the nozzle exit veloeity. Assume negligible kinetie energy 
out of the turbine. 

Solution; 

C.V. Turbine: hj= 1336.7, s^j = 8.3940, Sgg = Sj then from Eq.8.28 

^ = s°i + R ln(Pe/Pi) = 8.3940 + 0.287 In (250/1500) = 7.8798 kJ/kg K 

Table A.7.1 Tg, = 796K, hg, = 817.9 kJ/kg, 

Energy Eq.; = hj - hg^ = 1336.7 - 817.9 = 518.8 kJ/kg 

Eq.9.27: Wj ac = Wt,s x = 441 kJ/kg = hg - hi 

^ hg Ac = 895.7 ^ Te^AC = 866K, s®^ = 7.9730 kJ/kg K 

C.V. Nozzle: h; = 895.7 kJ/kg, s°j = 7.9730 KJ/kgK, Sg 3 = Si 
then from Eq.8.28 

^ 4es = ^ ln(Pe/Pi) = 7.9730 + 0.287 In (100/250) = 7.7100 kJ/kgK 

Table A.7.1 ^ Tg 5 = 681K, hg, = 693.1 kJ/kg 
Energy Eq.; (l/2)Vg^5 = hi - hg^^ = 895.7 - 693.1 = 202.6 kJ/kg 
Eq.9.30: (l/2)Vg,ic = (l/2)Ve^s x Enoz = 192.47 kJ/kg 

Vg AC = V2 X 1000 X 192.47 = 620 m/s 



11.90 


Consider an air standard jet engine eycle operating in a 280K, 100 kPa 
environment. The compressor requires a shaft power input of 4000 kW. Air enters 
the turbine state 3 at 1600 K, 2 MPa, at the rate of 9 kg/s, and the isentropic 
efficiency of the turbine is 85%. Determine the pressure and temperature entering 
the nozzle at state 4. If the nozzle efficiency is 95%, determine the temperature and 
velocity exiting the nozzle at state 5. 

Solution: 


C.V. Shaft: Wj = ih(h 3 - h 4 ) = Wc 


CV Turbine: hj - h 4 = Wq / ih = 4000/9 = 444.4 kJ/kg 

h 4 = 1757.3 -444.4= 1312.9 kJ/kg 
Work back to the ideal turbine conditions 

Eq.9.27: = Wq = 444.4 ^ ! r\ = 522.82 = hj - 

h 4 , = 1234.5 ^ T 4 ,« 1163 K, s^ 4 ^ = 8.3091 kJ/kg K 

S4s - S 3 = 0 = s^ 4 ^ - St 3 - R ln(P4/P3 ) 

0 = 8.3091 - 8.6905 - 0.287 ln(P 4 / 2000 ) => P 4 = 530 kPa 


State 4 from A.7.1: h 4 = 1312.9, T 4 = 1229.8 K, = 8.3746 kJ/kg K 
First consider the reversible adiabatic (isentropic) nozzle so from Eq.8.28 

S5s - S 4 = 0 = s^ 5 ^ - s ^4 - R ln(P5/P4 ) 

^T5s = ^•^'^46 + 0.287 ln(100/530) = 7.8960 kJ/kg K 
Table A.7.1: T 5 , = 808.1 K, hj, = 831.0 kJ/kg 

^ 0.5V5^ = h 4 -h 5 s= 1312.9- 831.0 = 481.9 kJ/kg 


Now consider the actual nozzle 

Eq.9.30: 0 . 5 V 5 ^ = 'n( 0 . 5 V 5 ^) 


= 457.81 


V 5 a= 957 m/s 


h 5 a = h. -0.5Vc_ = 1312.9- 


5a 


Tj^ « 830 K 


457.81 = 855.1 kJ/kg 



11.91 


A jet aircraft is flying at an altitude of 4900 m, where the ambient pressure is 
approximately 55 kPa and the ambient temperature is -18°C. The velocity of the 
aircraft is 280 m/s, the pressure ratio across the compressor is 14:1 and the cycle 
maximum temperature is 1450 K. Assume the inlet flow goes through a diffuser 
to zero relative velocity at state 1. Find the temperature and pressure at state 1 and 
the velocity (relative to the aircraft) of the air leaving the engine at 55 kPa. 

Ambient 

Tx = -18T = 255.2 K, Px = 55 kPa = P 5 
also Vx = 280 m/s 

Assume that the air at this state is reversibly 

decelerated to zero velocity and then 
enters the compressor at 1 . 

P 2 /P 1 = 14 & T 3 = 1450 K 


Solution: 



C.V. Diffuser section. 


V 


EnergyEq.: 


X 


+2x1000 



.2 + 


(280) 


2 x 1000 X 1.0035 


= 294.3 K 


Eq.8.32: 


Pl=P 


X 


/ rr^ \ 


T 


1 


\Jxj 


k-1 


= 55 


r294.3 

255.2 


V 


3.5 


= 90,5 kPa 




C.V. Compressor, isentropic so use Eq.8.32 and then energy equation 

k-1 

T 2 = Tj (P 2 /P 1 ) k = 294.3(14)°-286 = 626.0 K 


wc = - 1 W 2 = Cpo(T 2 -Ti) = 1.004(1450 - T 4 ) 
Pressure ratio: P 3 = P 2 = 14 x 90.5 = 1267 kPa 
C.V. Turbine, isentropic so use Eq.8.32 


T 4 = 1118.3 K 


P 4 = P 3 (T 4 /T 3 )k-i = 1267(1118.3/1450)3-^ = 510 kPa 
C.V. Nozzle, isentropic so use Eq.8.32 and energy equation 

k-1 

T 5 = T 4 (P 5 /P 4 ) k = 1118.3(55/510)”'^^® = 591.5 K 


V 


2 X 1000 


= Cpo(T 4 - T 5 ) = 1.004(1118.3 - 591.5) = 528.7 kJ/kg 


V 5 = 1028 m/s 



11.92 


An afterburner in a jet engine adds fuel after the turbine thus raising the pressure 
and temperature due to the energy of combustion. Assume a standard condition of 
800 K, 250 kPa after the turbine into the nozzle that exhausts at 95 kPa. Assume 
the afterburner adds 450 kJ/kg to that state with a rise in pressure for same 
specific volume, and neglect any upstream effects on the turbine. Find the nozzle 
exit velocity before and after the afterburner is turned on. 

Solution; 

Before afterburner is on; 1; 800 K; 250 kPa and 2; 95 kPa 
After afterburner is on; 3; v = Vi and 4; 95 kPa 



Assume reversible adiabatic nozzle flow, then constant s from Eq.8.32 

T 2 = Tj = 800 X (95/250) = 606.8 K 

Energy Eq.; (1/2)V^ = Cp(Ti - T 2 ) 

V 2 = y/2 Cp(Ti - T 2 ) = V 2 X 1004(800 - 606.8) = 622.8 m/s 

Add the q^p at assumed constant volume then energy equation gives 

T 3 = Ti + qAs/Cv = 800 + 450/0.717 = 1427.6 K 

V 3 = vi => P 3 = Pi( T 3 /T 1 ) = 250 X 1427.6/800 = 446.1 kPa 
Reversible adiabatic expansion, again from Eq.8.32 

T 4 = T 3 (P 4 /P 3 )('"-l)/’" = 1427.6 X (95/446.1) = 917.7 K 


V 2 = A 2 Cp(T 3 - T 4 ) = V2 X 1004(1427.6 - 917.7) = 1012 m/s 



Otto Cycles 


11.93 

Air flows into a gasoline engine at 95 kPa, 300 K. The air is then eompressed with 
a volumetrie eompression ratio of 8 :1. In the eombustion proeess 1300 kJ/kg of 
energy is released as the fuel burns. Find the temperature and pressure after 
eombustion using eold air properties. 

Solution; 

Solve the problem with eonstant heat capacity. 

Compression 1 to 2: S 2 = Sj ^ From Eq.8.33 and Eq.8.34 

T 2 = Tj (vi/v 2 )’"'^ = 300 X 8 ^'^ = 689.2 K 

P 2 = Pix(vi/V 2 )’' = 95 X 8 ^-'^ = 1746 kPa 
Combustion 2 to 3 at constant volume: U 3 = U 2 + qn 
T 3 = T 2 + qn/Cy = 689.2 + 1300/0.717 = 2502 K 
P 3 = P 2 X (T 3 /T 2 ) = 1746 (2502 / 689.2) = 6338 kPa 




11.94 


A gasoline engine has a volumetric compression ratio of 9. The state before 
compression is 290 K, 90 kPa, and the peak cycle temperature is 1800 K. Find the 
pressure after expansion, the cycle net work and the cycle efficiency using 
properties from Table A.5. 

Compression 1 to 2: S 2 = Sj ^ From Eq.8.33 and Eq.8.34 

T 2 = Tj (vi/v 2 )’"'^ = 290 X 9^"^ = 698.4 K 

P 2 = Pjx (V 1 /V 2 )’" = 90 X 9^-^ = 1950.7 kPa 
Combustion 2 to 3 at constant volume: V 3 = V 2 

qn = U 3 - U 2 = Cv(T 3 - T 2 ) = 0.717 (1800 - 698.4) = 789.85 kJ/kg 
P 3 = P 2 X (T 3 /T 2 ) = 1950.7 (1800 / 698.4) = 5027.6 kPa 
Expansion 3 to 4: S 4 = S 3 ^ From Eq.8.33 and Eq.8.34 

T 4 = T 3 (V 3 /V 4 )’"'^ = 1800 X = 747.4 K 

P 4 = P 3 (T 4 /T 3 )(v 3 /v 4 ) = 5027.6 (747.4/1800) (1/9) = 232 kPa 

Find now the net work 

1 W 2 = ui - U 2 = Cv(Ti - T 2 ) = 0.717(290 - 698.4) = -292.8 kJ/kg 

3 W 4 = U 3 - U 4 = Cv(T 3 - T 4 ) = 0.717(1800 - 747.4) = 754.7 kJ/kg 

Net work and overall efficiency 

Wnet ^ 3 W 4 + 1 W 2 = 754.7 - 292.8 = 461,9 kJ/kg 

T] = w^gj/qjj = 461.9/789.85 = 0,585 
Comment: We could have found r\ from Eq. 11.18 and then Wj^gj = pq^. 




11.95 


To approximate an actual spark-ignition engine consider an air-standard Otto 
cycle that has a heat addition of 1800 kJ/kg of air, a compression ratio of 7, and a 
pressure and temperature at the beginning of the compression process of 90 kPa, 

10°C. Assuming constant specific heat, with the value from Table A.5, determine 
the maximum pressure and temperature of the cycle, the thermal efficiency of the 
cycle and the mean effective pressure. 

Solution; 



Compression; Reversible and adiabatic so constant s from Eq. 8 .33-34 

P 2 = Pi(vi/v 2 )’" = 90(7)^-4 = 1372 kPa 

T 2 = Ti(vi/v 2 )’''^ = 283.2 X (7)^-4 = 616.6 K 

Combustion; constant volume 

T 3 = T 2 + qn/Cvo = 616.6 + 1800/0.717 = 3127 K 

P 3 = P 2 T 3 /T 2 = 1372 X 3127 / 616.6 = 6958 kPa 
Efficiency and net work 

Pth = 1 - T 1 /T 2 = 1 - 283.2/616.5 = 0.541 


Wnet ^ Eth ^ 9h ^ 0.541 X 1800 = 973.8 kJ/kg 

Displacement and Pmgff 


vi = RTi/Pj = (0.287 X 283.2)/90 = 0.9029 m 
V 2 = (1/7) vi = 0.1290 m^/kg 


w 


P 


meff 


NET 


V1-V2 


973.8 


0.9029-0.129 


= 1258 kPa 




11.96 


A gasoline engine has a volumetric compression ratio of 8 and before 
compression has air at 280 K, 85 kPa. The combustion generates a peak pressure 
of 6500 kPa. Find the peak temperature, the energy added by the combustion 
process and the exhaust temperature. 

Solution; 

Solve the problem with cold air properties. 

Compression. Isentropic so we use Eqs.8.33-8.34 

P2 = Pi(vi/v2)'' = 85(8)^-4 = 1562 kPa 
T2 = Ti(vi/v 2)'"^ = 280(8)°-^ = 643.3 K 

Combustion. Constant volume 

T3 = T2 (P 3 /P 2 ) = 643.3 X 6500/1562 = 2677 K 

Oh ^ ■ ^2 ~ Cv(T 3 - T2) 

= 0.717 (2677 - 643.3) = 1458 kJ/kg 
Exhaust. Isentropic expansion so from Eq.8.33 

T4 = 13/80-4 = 2677/2.2974 = 1165 K 




11.97 


A gasoline engine has a volumetric compression ratio of 10 and before 
compression has air at 290 K, 85 kPa in the cylinder. The combustion peak 
pressure is 6000 kPa. Assume cold air properties. What is the highest temperature 
in the cycle? Find the temperature at the beginning of the exhaust (heat rejection) 
and the overall cycle efficiency. 

Solution: 

Compression. Isentropic so we use Eqs.8.33-8.34 

P 2 = Pi(vi/v 2 )'' = 85 (10)^-4 = 2135.1 kPa 

T 2 = Ti(vi/v 2 )'"^ = 290 (lO)*’-^ = 728.45 K 
Combustion. Constant volume 

T 3 = T 2 (P 3 /P 2 ) = 728.45 X 6000/2135.1 = 2047 K 
Exhaust. Isentropic expansion so from Eq.8.33 

T 4 = T 3 /(vi/v 2 )'"^ = 13 / 10'^-^ = 2047/2.5119 = 814.9 K 

Overall cycle efficiency is from Eq. 11.18, r^ = V 1 /V 2 

Ti = 1 - r^'’' = 1 - 10 '°'^ = 0.602 

Comment: No actual gasoline engine has an efficiency that high, maybe 35%. 



11.98 


A for stroke gasoline engine has a eompression ratio of 10:1 with 4 eylinders of 
total displaeement 2.3 L. the inlet state is 280 K, 70 kPa and the engine is running 
at 2100 RPM with the fuel adding 1800 kJ/kg in the eombustion proeess. What is 
the net work in the cyele and how mueh power is produeed? 

solution: 

Overall eyele effieieney is from Eq. 11.18, r^ = vi/v 2 

Pth = 1 - 4 ’' = 1 

Wnet ^ Oth ^ Oh ^ 0.602 x 1800 = 1083.6 kJ/kg 
We also need speeifie volume to evaluate Eqs.l 1.15 to 11.17 

vi = RTi / Pi = 0.287 X 280 / 70 = 1.148 m^/kg 



Wnet 

V1-V2 


Wnet 

vi (1-7-) 


1083.6 
1.148 X 0.9 


1048.8 kPa 


Now we ean find the power from Eq. 11.17 


RPM 1 


^ ^meff^displ 59 2 1048.8 x 0.0023 x .x 2 


2‘“'>xi = 42.2kW 



11.99 


A gasoline engine takes air in at 290 K, 90 kPa and then eompresses it. The 
combustion adds 1000 kJ/kg to the air after which the temperature is 2050 K. Use 
the cold air properties (i.e. constant heat capacities at 300 K) and find the 
compression ratio, the compression specific work and the highest pressure in the 
cycle. 

Solution: 

Standard Otto Cycle 

Combustion process: T 3 = 2050 K; U 2 = U 3 - 

T 2 = T 3 - qn / C^o = 2050 - 1000 / 0.717 = 655.3 K 
Compression process 

P 2 = Pi(T 2 / = 90(655.3/290) = 1561 kPa 

CR = vj / V2 = (T 2 / = (655.3 / 290) = 7.67 

- 1 W 2 = U 2 - ui = Cvo( T 2 - Ti) = 0.717(655.3 - 290) = 262 kJ / kg 

Highest pressure is after the combustion 

P 3 = P 2 T 3 / T 2 = 1561 X 2050 / 655.3 = 4883 kPa 




11.100 


Answer the same three questions for the previous problem, but use variable heat 
eapaeities (use table A.7). 

A gasoline engine takes air in at 290 K, 90 kPa and then eompresses it. The 
eombustion adds 1000 kJ/kg to the air after whieh the temperature is 2050 K. Use 
the eold air properties (i.e. eonstant heat eapaeities at 300 K) and find the 
eompression ratio, the eompression speeifie work and the highest pressure in the 
eyele. 

Solution; 

Standard Otto eyele, solve using Table A.7.1 
Combustion proeess: T 3 = 2050 K ; U 3 = 1725.7 kJ/kg 

U 2 = U 3 - qn = 1725.7 - 1000 = 725.7 kJ/kg 

^ T 2 = 960.5 K; s °2 = 8.0889 kJ/kg K 

Compression 1 to 2: $2 = From Eq.8.28 

0 = s ^2 - Sjj - R ln(P 2 /Pi) = Sj 2 - - R ln(T 2 Vi/TiV 2 ) 

= 8.0889 - 6.8352 - 0.287 ln(960.5/290) - 0.287 ln(vi/v 2 ) 

Solving => Vj / V 2 = 23,78 

Comment: This is mueh too high for an aetual Otto eyele. 

- 1 W 2 = U 2 - ui = 725.7 - 207.2 = 518.5 kJ/kg 

Highest pressure is after eombustion 

P3=P2T3/T2 = Pi(T3/Ti)(Vi/V3) 

= 90 X (2050 / 290) x 23.78 = 15 129 kPa 




11.101 


When methanol produeed from eoal is eonsidered as an alternative fuel to 
gasoline for automotive engines, it is reeognized that the engine ean be designed 
with a higher compression ratio, say 10 instead of 7, but that the energy release 
with combustion for a stoichiometric mixture with air is slightly smaller, about 
1700 kJ/kg. Repeat Problem 11.95 using these values. 

Solution; 



Compression: Reversible and adiabatic so constant s from Eq. 8 .33-34 

P 2 = Pi(vi/v 2 )'' = 90(10)^-4 = 2260.7 kPa 

T 2 = Ti(vi/v2 )'"^ = 283.15(10)®-^ = 711.2 K 

Combustion: constant volume 

T 3 = T 2 + qn / C^o = VI 1.2 + 1700 / 0.717 = 3082 K 
P 3 = P 2 (T 3 / T 2 ) = 2260.7x3082 / 711.2 = 9797 kPa 

Efficiency, net work, displacement and Pmeff 

riTH = 1 - Ti/T2 = 1 - 283.15/711.2 = 0.602 
Wnet = Eth ^ Oh ^ 0.6 X 1700 = 1023.4 kJ/kg 
vj = RTj/Pi = 0.287x283.15/90 = 0.9029 m^/kg, 

V 2 = vi/10 = 0.0903 m^/kg 

Wnet 

Pmeff =-= 1023.4 / (0.9029 - 0.0903) = 1255 kPa 



11.102 


A gasoline engine receives air at 10 C, 100 kPa, having a compression ratio of 9:1 
by volume. The heat addition by combustion gives the highest temperature as 
2500 K. use cold air properties to find the highest cycle pressure, the specific 
energy added by combustion, and the mean effective pressure. 

Solution: 




Compression: Reversible and adiabatic so constant s from Eq.8.33-34 

P 2 = Pi(vi/v 2 )'' = 100 (9)^-^ = 2167.4 kPa 
T 2 = Ti(vi/v2 )'"^ = 283.15 (9)°-^ = 681.89 K 

Combustion: constant volume 


P 3 = P 2 (T 3 / T 2 ) = 2167.4 X 2500 / 681.89 = 7946.3 kPa 

qn = U 3 -U 2 = C^o(T 3 - T 2 ) = 0.717 (2500 - 681.89) = 1303.6 kJ/kg 

Efficiency, net work, displacement and Pmeff 

Pth = 1 - T 1 /T 2 = 1 - 283.15/681.89 = 0.5847 
Wnet = Eth ^ Oh ^ 0.5847 x 1303.6 = 762.29 kJ/kg 
vj = RTj/Pi = 0.287 X 283.15 / 100 = 0.81264 m^/kg, 

V 2 = v/lO = 0.081264 m^/kg 



Wnet 

V1-V2 


762.29 

0.81264-0.081264 


= 1055 kPa 


11.103 


Repeat Problem 11.95, but assume variable specific heat. The ideal gas air tables, 
Table A.7, are recommended for this calculation (and the specific heat from Fig. 
5.10 at high temperature). 

Solution; 

Table A.7 is used with interpolation. 

Tj = 283.2 K, Uj = 202.3 kJ/kg, s^j = 6.8113 kJ/kg K 


Compression 1 to 2: S 2 = Sj ^ From Eq.8.28 

0 = Sj 2 - - R ln(P 2 /Pi) = Sj 2 - Sjj - R ln(T 2 Vi/TiV 2 ) 

s °2 - R ln(T 2 /Ti) = s°j + R ln(vi/v 2 ) = 6.8113 + 0.287 in 7 = 7.3698 

This becomes trial and error so estimate first at 600 K and use A.7.1. 

LHSgoo = 7.5764 - 0.287 ln(600/283.2) = 7.3609 (too low) 

LHS 620 = 7.6109 - 0.287 ln(620/283.2) = 7.3860 (too high) 

Interpolate to get: T 2 = 607.1 K, U 2 = 440.5 kJ/kg 

=> - 1 W 2 = U 2 - Uj = 238.2 kJ/kg, 

U 3 = 440.5 + 1800 = 2240.5 => T 3 = 2575.8 K , s °3 = 9.2859 kJ/kgK 


P 3 = 90 X 7 X 2575.8 / 283.2 = 5730 kPa 


Expansion 3 to 4; 


S4 - S3 


From Eq.8.28 as before 


S.J .4 - R ln(T 4 /T 3 ) = S 4.3 + R In(v 3 /v 4 ) = 9.2859 + 0.287 ln(l/7) = 8.7274 

This becomes trial and error so estimate first at 1400 K and use A.7.1. 

LHS 1400 = 8.5289 - 0.287 ln( 1400/2575.8) = 8.7039 (too low) 

LHS 1450 = 8.5711 - 0.287 ln(1450/2575.8) = 8.7360 (too high) 


Interpolation 


T 4 = 1436.6 K, U 4 = 1146.9 kJ/kg 


3W4 = U3 - U4 = 2240.5 - 1146.9 = 1093.6 kJ/kg 


Net work, efficiency and mep 



Wnet = 3 W 4 + 1 W 2 = 1093.6 - 238.2 = 855.4 kJ/kg 


Pth ^ Wjjgt / qjj = 855.4 / 1800 = 0,475 
vj = RTi/Pj = (0.287 X 283.2)/90 = 0.9029 m^/kg 
V 2 = (1/7) vj = 0.1290 m^/kg 

Wnet 

Pmeff= = 855.4 / (0.9029 - 0.129) = 1105 kPa 



11.104 


It is found experimentally that the power stroke expansion in an internal 
eombustion engine ean be approximated with a polytropie process with a value of 
the polytropie exponent n somewhat larger than the specific heat ratio k. Repeat 
Problem 11.95 but assume that the expansion process is reversible and polytropie 
(instead of the isentropic expansion in the Otto cycle) with n equal to 1.50. 


See solution to 


11.95 


except for process 3 to 4. 


T 3 = 3127K, P 3 = 6.958 MPa 

V 3 = RT 3 /P 3 = v^ = 0.129 m^/kg, = Vj = 0.9029 m^/kg 

Process: Pv^'^ = constant. 

P 4 = P 3 (V 3 /V 4 )^-^ = 6958 (1/7)^-^ = 375.7 kPa 

T 4 = T 3 (v 3 /v/-^ = 3127(1/7)°-^= 1181.9 K 


jW 2 = /Pdv = -f^(T 2 - Tj) = ^(606.6 -283.15)= -239.3 kJ/kg 

3 W4 = /Pdv = R(T4-T3)/(l-1.5) 

= -0.287(1181.9-3127)/0.5 = 1116.5 kJ/kg 
Wj^g^ = 1116.5 - 239.3 = 877.2 kJ/kg 

^CYCLE = = 877.2/1800 = 0.487 

Wnet 

Pmeff= _ =877.2/(0.9029 - 0.129) = 1133 kPa 

Note a smaller h cycle 


, Pmeff compared to an ideal cycle. 




11.105 


In the Otto cycle all the heat transfer occurs at constant volume. It is more 

realistic to assume that part of q-^ occurs after the piston has started its downward 

motion in the expansion stroke. Therefore, consider a cycle identical to the Otto 
cycle, except that the first two-thirds of the total q^i occurs at constant volume and 

the last one-third occurs at constant pressure. Assume that the total q^^ is 2100 

kJ/kg, that the state at the beginning of the compression process is 90 kPa, 20°C, 
and that the compression ratio is 9. Calculate the maximum pressure and 
temperature and the thermal efficiency of this cycle. Compare the results with 
those of a conventional Otto cycle having the same given variables. 


p 


b) 



V 

k_ 



P^ = 90 kPa,T^=20T 
r = V /v = 7 

V r 2 ‘ 


a) q 23 = (2/3) X 2100 
= 1400 kJ/kg; 

q 34 = 2100/3 = 700 kJ/kg 


P2 = Pi(Vi/V2r = 90(9) 


1.4 _ 


k-1 _ 


1951 kPa 


^2 = Ti(v/V 2 r^ = 293.15(9)°-^ = 706 K 
T3 = T2 + q 23 /Cyo = 706 + 1400/0.717 = 2660 K 
P 3 = P 2 T 3 /T 2 = 1951(2660/706) = 7350.8 kPa = P 
T = T, + q, VC„^ = 2660 + 700/1.004 = 3357 K 


V 


V 


34 PO 

= ^i_ 7350.8 293.15 _ 

90 "" 3357 

k-1 _ T T /T 1 T 1 \0.4 _ 


T, = T^Cv^/Vj)^-^ = 3357(1/7.131)'^-^ = 1530 K 


% = Cyo(T 5 -Tj) = 0.717(1530 - 293.15) = 886.2 kJ/kg 
= 1 - qj^/q^^ = 1 - 886.2/2100 = 0.578 


Std. Otto Cycle: t] = 1 - = 0.585, small difference 


TH 




Diesel Cycles 


11.106 

A diesel engine has a state before eompression of 95 kPa, 290 K, and a peak 
pressure of 6000 kPa, a maximum temperature of 2400 K. Find the volumetrie 
eompression ratio and the thermal efficieney. 

Solution: 

Standard Diesel cyele and we will use eold air properties. 

Compression process (isentropic) from Eqs.8.32-8.34: 

(P2/Pi) = (Vi/V2)'' = CR1" 

1 /k- 1/14 

CR = V 1 /V 2 = (P 2 /P 1 ) = (6000/95) = 19.32 

T 2 = Ti(P2/Pi)'''^^'' = 290 X (6000/95) = 947.9 K 

Combustion and expansion volumes 

V 3 = V 2 X T 3 /T 2 = Vj T 3 /(T 2 X CR) ; V 4 = Vj 
Expansion process, isentropic from Eq.8.32 

T4 = T3 = T3 [T3/ (CR X Tj)]"-' 

= 2400 X [2400/(19.32 x 947.9)]“ ''= 1064.6 K 
Efficiency from Eq. 11.7 




11.107 


A diesel engine has a bore of 0.1 m, a stroke of 0.11 m and a compression ratio of 
19:1 running at 2000 RPM (revolutions per minute). Each cycle takes two 
revolutions and has a mean effective pressure of 1400 kPa. With a total of 6 
cylinders find the engine power in kW and horsepower, hp. 

Solution: 


Work from mean effective pressure, Eq.l 1.15. 


P 


Wnet 


meff 


'^max '^min 


^ ^meff ('^max " '^min) 


The displacement is 

AV = TiBore^ x 0.25 x S = tt x 0.1^ x 0.25 x 0.11 = 0.000864 m^ 

Work per cylinder per power stroke, Eq.l 1.16 

w = PmefKVmax ' V^in) = 1400 x 0.000864 kPa m^ = 1.2096 kJ/cycle 

Only every second revolution has a power stroke so we can find the power, see 
also Eq.l 1.17 


W = W X N^.yj X RPM X 0.5 (cycles / min)x(min / 60 s)x(kJ / cycle) 
= 1.2096 X 6 X 2000 x 0.5 x (1/60) = 121 kW= 162 hp 


The conversion factor from kW to hp is from Table A.l under power. 



11.108 


A diesel engine has a eompression ratio of 20:1 with an inlet of 95 kPa, 290 K, 
state 1, with volume 0.5 L. The maximum eyele temperature is 1800 K. Find the 
maximum pressure, the net specific work and the thermal efficiency. 

Solution: 

Compression process (isentropic) from Eqs.8.33-34 

T 2 = Ti(vi / = 290 X 20®"^ = 961 K 

P 2 = 95x(20) = 6297.5 kPa ; V 2 = Vi/20 = RTi/(20 Pj) = 0.043805 

- 1 W 2 = U 2 - ui « T 2 - Ti) = 0.717 (961 - 290) = 481.1 kJ/kg 

Combustion at constant P which is the maximum presssure 

P 3 = P 2 = 6298 kPa ; V 3 = V 2 T 3 /T 2 = 0.043805 x 1800/961 = 0.08205 
2W3 = P (V 3 - V 2 ) = 6298 X (0.08215 - 0.043805) = 241.5 kJ/kg 
2 q 3 = U 3 - U 2 + 2 W 3 = h 3 - h 2 = Cp,(T 3 - T 2 ) = 1.004(1800 - 961) = 842.4 
Expansion process (isentropic) from Eq.8.33 

T 4 = T 3 ( V 3 / V4)‘^-4 = 1800 (0.08205 / 0.8761) = 698 K 

3W4 = U 3 - U 4 « C^oCTs - T 4 ) = 0.717 (1800 - 698) = 790.1 kJ/kg 
Cycle net work and efficiency 

Wnet ^ 2 W 3 + 3 W 4 + 1 W 2 = 241.5 + 790.1 - 481.1 = 550.5 kJ/kg 
fi ^ Wjjgt / Oh = 550.5/ 842.4 = 0.653 





11.109 


At the beginning of compression in a diesel cycle T= 300 K,P = 200 kPa and 
after combustion (heat addition) is complete T= 1500 K and P = 7.0 MPa. Find 
the compression ratio, the thermal efficiency and the mean effective pressure. 

Solution; 

Standard Diesel cycle. See P-v and T-s diagrams for state numbers. 

Compression process (isentropic) from Eqs.8.33-8.34 

P 2 = P 3 = 7000 kPa => vi / V 2 = (P 2 /Pi)^^ = (VOOO / = 12.67 

T 2 = Ti(P 2 / ^^ = 300(7000 / 200) 0-2857= g 2 g 4 ^ 

Expansion process (isentropic) first get the volume ratios 

V 3 /v 2 = T 3 /T 2 = 1500/828.4= 1.81 

V 4 / V 3 = Vj / V 3 = (vj / V 2 )( V 2 / V 3 ) = 12.67 / 1.81 = 7 

The exhaust temperature follows from Eq.8.33 

T 4 = T 3 (v 3 / V 4 )’"'^ = (1500 / 7) = 688.7 K 

Ol = Cvo(T 4 - Tj) = 0.717(688.7 - 300) = 278.5 kJ/kg 

Oh = ^3 - h 2 « Cpo(T 3 - T 2 ) = 1.004(1500 - 828.4) = 674 kJ/kg 
Overall performance 

Ti = 1 - qL / qn = 1- 278.5 / 674 = 0.587 

Wnet = Onet = Oh ' Ol = 674 - 278.5 = 395.5 kJ/kg 

Vmax = Vi = R Tj / Pj = 0.287x300 / 200 = 0.4305 m^/kg 

'^min V m aY ! 0.4305 / 12.67 = 0.034 m^/kg 

Wnet 

Pmeff =-T-=395.5 / (0.4305 - 0.034) = 997 kPa 

^max ^min 



Remark: This is a too low compression ratio for a practical diesel cycle. 



11.110 


Do problem 11.106, but use the properties from A.7 and not the eold air 
properties. 

A diesel engine has a state before eompression of 95 kPa, 290 K, and a peak 
pressure of 6000 kPa, a maximum temperature of 2400 K. Find the volumetrie 
eompression ratio and the thermal efficieney. 

Solution: 

Compression: S 2 = Sj => fromEq.8.28 

s °2 = s° j + R ln(P 2 / Pi) = 6.8352 + 0.287 ln(6000/95) = 8.025 kJ/kg K 
A.7.1 => T 2 = 907.6 K; h 2 = 941.16; 

h 3 = 2755.8 kJ/kg; s^^ = 9.19586 kJ/kg K 
Oh = h 3 - h 2 = 2755.8 - 941.16 = 1814.2 kJ/kg 

CR = vi/v 2 = (Ti/T 2 )(P 2 /Pi) = (290/907.6) x (6000/ 95) = 20.18 
Expansion process 

^T 4 ^ ®T 3 ^ ^ ^^^^4 / P 3 ) = S 3 ^ ^ ^^^^4 / T 3 ) + R In(v 3 /V 4 ) 

V 3 /V 4 = V 3 /vi= (V 2 /V 1 ) X (T 3 /T 2 ) = (T 3 /T 2 ) (1/CR) 

= (2400/907.6) (1/20.18) = 0.13104 

s °4 - R ln(T 4 / T 3 ) = s °3 + R In(v 3 /V 4 ) = 9.1958 + 0.287 In 0.13104 = 8.61254 

O 

Trial and error on T 4 since it appears both in s^,^ and the In function 

T 4 =1300 LHS = 8.4405 - 0.287 In (1300/2400) = 8.616 

T 4 = 1250 LHS = 8.3940 - 0.287 In (1250/2400) = 8.5812 

Now Linear interpolation T 4 = 1295 K, U 4 = 1018.26 kJ/kg 

qp = U 4 - uj = 1018.26 - 207.19 = 811.08 kJ/kg 

ri = 1 -(qS Oh) = 1 - (811.08/1814.2) = 0.553 





11.111 


A diesel engine has air before eompression at 280 K, 85 kPa. The highest 
temperature is 2200 K and the highest pressure is 6 MPa. Find the volumetrie 
compression ratio and the mean effective pressure using cold air properties at 300 
K. 

Solution; 

Compression (P 2 /P 1 ) = (vi/v 2 )'^ = CR*^ 

CR = V 1 /V 2 = (P 2 /Pi)^^’' = (6000/85)^^^'^ = 20.92 
T 2 = Ti(P 2 /Pi)'''^^'' = 280 X (6000/85) = 944.8 K 

Combustion. Highest temperature is after combustion. 

qn = hs - h 2 = Cp(T 3 -T 2 ) = 1.004(2200 - 944.8) = 1260.2 kJ/kg 

Expansion 

T 4 = T 3 (V 3 /V 4 )'^-' = T 3 [ T 3 / (CR X T 2 ) t' 

= 2200 X (2200/20.92 x 944.8) = 914.2 K 

qp = U 4 - uj = Cv( T 4 - Tj) = 0.717(914.2 - 280) = 454.7 kJ/kg 

vi = RTj/Pi = 0.287 X 280/85 = 0.9454 m^/kg 

Displacement and mep from net work 

vi - V 2 = vp vj/CR = vi[l - (1/CR)] = 0.9002 m^/kg 

Pmeff = Wnet/(vi - V 2 ) = (qn - OlVC vi - V 2 ) 

= (1260.2 - 454.7)/0.9002 = 894.8 kPa 




11.112 


Consider an ideal air-standard diesel eyele in which the state before the compression 
process is 95 kPa, 290 K, and the compression ratio is 20. Find the maximum 
temperature (by iteration) in the cycle to have a thermal efficiency of 60%? 

Solution; 

Diesel cycle: = 95 kPa, = 290 K, v^/v^ = 20, = 0.6 

Since the efficiency depends on and T^, which are connected through the 
expansion process in a nonlinear manner we have an iterative problem. 

Ti = = 290(20)°-^ = 961.2 K 


^1 = 


3 / 1 ,_ 


0.287 X 290/95 = 0.876 m^/kg = v^, 


V 2 = v/CR = 0.876 / 20 = 0.0438 m^/kg 

V, = vhTJTD = 0.0438 (TJ961.2) = 0.0000456 T 


T = 


3 2 

T 4 (V4/V3)‘''' = ( 


0.876 


0.0000456 T 


■) 


0.4 


14 = 0.019345 


Now substitute this into the formula for the efficiency 


T -T 

^TH ^ ^ ^ ■ k(T, - TD 


= 1 - 


0 . 019345 x 15 - 4 -290 
1.4(1,-961.2) 


0.019345 X 15-4 - 0.56 x T 3 + 248.272 = 0 


Trial and error on this non-linear equation in T 


3050 K: LHS = +1.06 

Linear interpolation 


3040 K: LHS =-0.036, 


T, = 3040 K 


Stirling-cycle engine 


11.113 

Consider an ideal Stirling-eyele engine in which the state at the beginning of the 
isothermal compression process is 100 kPa, 25°C, the compression ratio is 6 , and 
the maximum temperature in the cycle is 1100°C. Calculate the maximum cycle 
pressure and the thermal efficiency of the cycle with and without regenerators. 




Ideal Stirling cycle 
Tj = = 25 °C 

Pj = 100 kPa 

CR = Vj/v^ = 6 

13 = 14= 1100 T 


Isothermal compression (heat goes out) 

Tj = T 2 ^ P 2 = Pi(v/v 2 ) = 100 X 6 = 600 kPa 


^ 1*^2 ^ ^ -0.287x 298.2 ln( 6 ) = -153.3 kJ/kg 

Constant volume heat addition 


V 2 = V 3 ^ P 3 = P 2 T 3 /T 2 = 600x1373.2/298.2 = 2763 kPa 

q 23 = U 3 - U 2 = Cv o(T 3 - T 2 ) = 0.717 (1100 - 25) = 770.8 kJ/kg 
Isothermal expansion (heat comes in) 

W 34 = q 34 = RT 3 In(v 4 /v 3 ) = 0.287 x 1373.2 x ln 6 = 706.1 kJ/kg 

Wnet = 706.1 - 153.3 = 552.8 kJ/kg 

Efficiency without regenerator, (q 23 and q 34 are coming in from source) 




Wnet 


NO REGEN q23 + q34 


= 0 374 

770.8 + 706.1 


Efficiency with regenerator, (Now only q 34 is coming in from source) 




Wnet 552.8 


WITH REGEN 


934 


706.1 


= 0.783 



11.114 


An air-standard Stirling cycle uses helium as the working fluid. The isothermal 

eompression brings helium from 100 kPa, 37°C to 600 kPa. The expansion takes 
plaee at 1200 K and there is no regenerator. Find the work and heat transfer in all 
of the 4 proeesses per kg helium and the thermal eyele efficieney. 

Helium table A.5: R = 2.077 kJ/kg K, = 3.1156 kJ/kg K 
Compression/expansion: = Vj / = P 2 / Pj = 600 / 100 = 6 

1 -> 2 - 1 W 2 = -qj 2 = I P dv = R Tjln(Vj / V 2 ) = RT^ln (P 2 /Pj) 

= 2.077 X 310 X In 6 = 1153.7 kJ/kg 

2->3: 2 W 3 = 0; q23 = C^^(T 3 - T 2 ) = 3.1156(1200 - 310) = 2773 kJ/kg 

3 -> 4: 3 W 4 = 034 = R T 3 ln— = 2.077x1200 In 6 = 4465.8 kJ/kg 

4 -> 1 4 W 1 = 0; q^j = C^^CT^ - T^) = -2773 kJ/kg 

_ 1 W 2 + 3 W 4 _ -1153.7 + 4465.8 
^cycle q 23 + q 34 2773 +4465.8 



11.115 


Consider an ideal air-standard Stirling eyele with an ideal regenerator. The 
minimum pressure and temperature in the eyele are 100 kPa, 25°C, the 

eompression ratio is 10, and the maximum temperature in the eyele is 1000°C. 
Analyze eaeh of the four processes in this cycle for work and heat transfer, and 
determine the overall performance of the engine. 

Ideal Stirling cycle diagram as in Fig. 11.31, with 

Pj = 100kPa, Tj = T 2 = 25T, v/v 2 = 10 , T 3 = T 4 = 1000°C 

From 1-2 at const T: = Tj(s 2 - s^) 

= -RTjln(v/v 2 ) = -0.287 x 298.2 x In(lO) = -197.1 kJ/kg 
From 2-3 at const V: ^w^ = 0 

^23 ^ ■ ^ 2 ) = 0.717 (1000 - 25) = 699 kJ/kg 

From 3-4 at const T; ^w^ = = T 3 (s^ - s^) 

= +RT 3 X In— = 0.287 X 1237.2 x In(lO) = 841.4 kJ/kg 

From 4-1 at const V; ^Wj = 0 
q^j = C^q(Tj - T 4 ) = 0.717 (25 - 1000) = -699 kJ/kg 
Wj^g^ = -197.1 + 0 + 841.4 + 0 = 644.3 kJ/kg 
Since q^^ is supplied by -q^^ (regenerator) 


Oh O 34 = 841.4 kJ/kg, 



644.3 

841.4 


0.766 


NOTE: = RT^ x In(lO), q^ = -^q^ = RT^ x In(lO) 




TH 


Qu ” Qt 1 9V5 

- = — j — = ^273 2 0.766 = Carnot efficiency 


Oh 



11.116 


The air-standard Carnot cycle was not shown in the text; show the T-s diagram 
for this cycle. In an air-standard Carnot cycle the low temperature is 280 K and 
the efficiency is 60%. If the pressure before compression and after heat rejection 
is 100 kPa, find the high temperature and the pressure just before heat addition. 

Solution; 

Carnot cycle efficiency from Eq.7.5 

ri = 0.6 = 1 - Th/Tl 

^ Th = Tl/0.4 = 700 K 

Just before heat addition is state 2 and after heat rejection is state 1 so Pj = 100 

kPa and the isentropic compression is from Eq.8.32 

1 

P 2 = PiCTjj/TLjk-i = 2.47 MPa 



1 


T 


V 


s 



11.117 


Air in a piston/cylinder goes through a Carnot cycle in which Tl = 26.8°C and the 
total cycle efficiency is r] = 2/3. Find Tjj, the specific work and volume ratio in 
the adiabatic expansion for constant Cp, Cy. 

Solution; 

Carnot cycle efficiency Eq.7.5: 

ri = 1 - Tl/Th = 2/3 ^ Th = 3 X Tl = 3 X 300 = 900 K 

Adiabatic expansion 3 to 4: = constant, work from Eq.8.38 (n = k) 

3 W 4 = (P 4 V 4 - P 3 V 3)/(1 - k) = Y^(T 4 - T 3 ) = U 3 - U 4 

= Cy(T 3 - T 4 ) = 0.717(900 - 300) = 429.9 kJ/kg 
V 4 /V 3 = ( 13 / 14 )^^^'"-= 32-5 = 15.6 





11.118 


Do the previous problem 11.117 using values from Table A.7.1. 

Air in a piston/eylinder goes through a Carnot eyele in whieh Tl = 26.8°C and the 
total eyele effieieney isr\ = 2/3. Find Tg, the speeifie work and volume ratio in 
the adiabatie expansion. 

Solution: 

Carnot eyele effieieney Eq.7.5: 

p = 1 - Tl/Th = 2/3 ^ Th = 3 X Tl = 3 X 300 = 900 K 

From A.7.1: U 3 = 674.82 kJ/kg, s.^^ = 8.0158 kJ/kg K 

U 4 = 214.36 kJ/kg, s.^^ = 6.8693 kJ/kg K 

Energy equation with q = 0 

3W4 = U3 - U4 = 674.82 - 214.36 = 460,5 kJ/kg 

Entropy equation, eonstant s 

®T4 ^ ®T3 ^ ^^^^4 / P3) = S 3 ^ ^ ^^^^4 / T3) + R In(v3/V4) 

=> 6.8693 = 8.0158 + 0.287 ln(300/900) + 0.287 In(v 3 /v 4 ) 

=> V4/V3 = 18.1 





Refrigeration cycles 


11.119 

A refrigerator with R-12 as the working fluid has a minimum temperature of 

-10°C and a maximum pressure of 1 MPa. Assume an ideal refrigeration eyele as 
in Fig. 11.24. Find the speeifie heat transfer from the cold space and that to the 
hot space, and the coefficient of performance. 

Solution: 

Exit evaporator sat. vapor-10°C from B.3.1: hj = 183.19, Sj = 0.7019 kJ/kgK 
Exit condenser sat. liquid 1 MPa from B.3.1: hg = 76.22 kJ/kg 

Compressor: S 2 = Si & P 2 from B.3.2 ^ h 2 «210.1 kJ/kg 
Evaporator: Ol = hj - h 4 = hj - h 3 = 183.19 - 76.22 = 107 kJ/kg 

Condenser: Qh ^ ^2 - h 3 = 210.1 - 76.22 = 133,9 kJ/kg 

COP: p = = qL/(qH - Ol) = 3.98 

Ideal refrigeration cycle 

Pcond = ^3= P 2 = 1 MPa 

Tevap = -10°C = Ti 

Properties from Table B.3 




11.120 


Consider an ideal refrigeration eycle that has a condenser temperature of 45 °C 

and an evaporator temperature of-15°C. Determine the coefficient of 
performance of this refrigerator for the working fluids R-12 and R-22. 


Solution; 


Ideal refrigeration cycle 
= 45°C = Ta 


T 


cond 


Tevap = -15°C = Ti 



Compressor 


Exp. valve 
Evaporator 


Property for: 

R-12, B.3 

R-22, B.4 

hi, kJ/kg 

180.97 

244.13 

S 2 = Si, kJ/kg K 

0.7051 

0.9505 

P 2 , MPa 

1.0843 

1.729 

T 2 , °C 

54.7 

74.4 

h2, kJ/kg 

212.63 

289.26 

Wc ~ ^2 ~ 

31.66 

45.13 

hj = h^, kJ/kg 

79.71 

100.98 

qn = hi - h4 

101.26 

143.15 

p = qp/wc 

3.198 

3.172 


The value of h 2 is taken from the computer program as it otherwise will be 
a double interpolation due to the value of P 2 . 




11.121 


The environmentally safe refrigerant R-134a is one of the replaeements for R-12 
in refrigeration systems. Repeat Problem 11.120 using R-134a and eompare the 
result with that for R-12. 


Consider an ideal refrigeration cyele that has a condenser temperature of 45 °C 

and an evaporator temperature of-15°C. Determine the coefficient of 
performance of this refrigerator for the working fluids R-12 and R-22. 


Solution; 


Ideal refrigeration cycle 
= 45°C = Ta 


T 


cond 


Tevap = -15°C = Ti 



Compressor 


Exp. valve 
Evaporator 


Property for: 

R-12, B,3 

R-134a, B.5 

hi, kJ/kg 

180.97 

389.2 

S 2 = Si, kJ/kg K 

0.7051 

1.7354 

P 2 , MPa 

1.0843 

1.16 

T 2 , T 

54.7 

51.8* 

h 2 , kJ/kg 

212.63 

429.9* 


31.66 

40.7 

hj = 114 , kJ/kg 

79.71 

264.11 

r 

II 

1 

101.26 

125.1 

P = Ol/wc 

3.198 

3.07 


* To get state 2 an interpolation is needed: 

At 1 MPa, s = 1.7354 : T = 45.9 and h = 426.8 kJ/kg 
At 1.2MPa,s= 1.7354 : T = 53.3 and h = 430.7kJ/kg 
make a linear interpolation to get properties at 1.16 MPa 




11.122 


A refrigerator using R-22 is powered by a small natural gas fired heat engine with 
a thermal effieieney of 25%, as shown in Fig.PI 1.122. The R-22 eondenses at 

40°C and it evaporates at -20°C and the eyele is standard. Find the two speeifie 
heat transfers in the refrigeration eyele. What is the overall coeffieient of 
performanee as Ql/Qi? 

Solution; 

Evaporator: Inlet State is saturated liq-vap with = h 3 =94.27 kJ/kg 

The exit state is saturated vapor with hj = 242.06 kJ/kg 

qp = hi - h 4 = hj - h 3 = 147.79 kJ/kg 
Compressor: Inlet State 1 and Exit State 2 about 1 .6 MPa 

Wc = h 2 - hi ; §2 ^ Si = 0.9593 kJ/kgK 

2; T 2 ~ 70°C h 2 = 287.2 kJ/kg 

Wc = h 2 - hj = 45.14 kJ/kg 
Condenser: Brings it to saturated liquid at state 3 

qn = h 2 - h 3 = 287.2 - 94.27 = 192.9 kJ/kg 

Overall Refrigerator; 

p = qL/wc= 147.79/45.14 = 3.274 

Heat Engine: 

• • • • 

%E ^ EheQ! = ^c = Ql / P 

Ql / Ql = hP = 0-25 X 3.274 = 0.819 

Ideal refrigeration eyele 
Tcond = 40°C = T 3 

Tevap = - 20 °C = Ti 

Properties from Table B.4 




11.123 


A refrigerator in a meat warehouse must keep a low temperature of -15°C and the 

outside temperature is 20°C. It uses R-12 as the refrigerant whieh must remove 5 
kW from the eold spaee. Find the flow rate of the R-12 needed assuming a 

standard vapor eompression refrigeration eyele with a eondenser at 20°C. 
Solution: 

Basie refrigeration eyele: Tj = T 4 = -15°C, 73 = 20°C 

Table B.3: 114 = h 3 = 54.87 kJ/kg; hj = hg = 180.97 kJ/kg 

• • • 

Ql = mR.i 2 X Ol = mR.i 2 (hi - 114 ) 

qL = 180.97 - 54.87 = 126.1 kJ/kg 
mR -12 = 5.0 / 126.1 = 0.03965 kg/s 


Ideal refrigeration eyele 

"^cond 

T 

^ evap 

Properties from Table B.3 


= -15"C = Ti 


= 20X 




11.124 


A refrigerator with R-12 as the working fluid has a minimum temperature of 

-10°C and a maximum pressure of 1 MPa. The aetual adiabatie eompressor exit 

temperature is 60°C. Assume no pressure loss in the heat exehangers. Find the 
speeifie heat transfer from the eold spaee and that to the hot spaee, the eoeffieient 
of performanee and the isentropie effieieney of the eompressor. 

Solution; 

State 1: Inlet to eompressor, sat. vapor -10°C, 
hj = 183.19 kJ/kg, Sj = 0.7019 kJ/kg K 

State 2: Aetual eompressor exit, h 2 Ac = 217.97 kJ/kg 

State 3: Exit eondenser, sat. liquid IMPa, 113 = 76.22 kJ/kg 

State 4: Exit valve, 114 = 113 

C.V. Evaporator: = hj - h 4 = hj - 113 = 107 kJ/kg 

C.V. Ideal Compressor: W (3 s = h 2 s-hi, 

State 2s: 1 MPa, s = 0.7019 kJ/kg K; T 2 ^s = 49.66°C, h 2 ^s = 210.1 kJ/kg 

wc,s = h,s - hi = 26.91 kJ/kg 
C.V. Aetual Compressor: Wq = h 2 ^.c ‘ = 34.78 kJ/kg 


p = — = 3.076, Pc = wc,s/wc = 0.774 


c 


C.V. Condenser: = h 2 ac " h 3 = 141.75 kJ/kg 


Ideal refrigeration eyele 
with aetual eompressor 

Pcond = ^3= P 2 = 1 MPa 

T 2 = 60°C 

Tevap = -10°C = Ti 

Properties from Table B.3 




11.125 


Consider an ideal heat pump that has a eondenser temperature of 50°C and an 

evaporator temperature of 0°C. Determine the eoeffieient of performanee of this 
heat pump for the working fluids R-12, R-22, and ammonia. 


Solution; 



s 


c.v. 

Property for: 
From Table: 

R-12 

B.3 

R-22 

B.4 

NH 3 

B.2 


hi, kJ/kg 

187.53 

249.95 

1442.32 

Compressor 

S2 = s 1 , kJ/kgK 

0.6965 

0.9269 

5.3313 


P 2 , MPa 

1.2193 

1.9423 

2.0333 


T 2 , T 

56.7 

72.2 

115.6 


h 2 , kJ/kg 

211.95 

284.25 

1672.84 



24.42 

34.3 

230.52 

Exp. valve 

hj = h 4 , kJ/kg 

84.94 

107.85 

421.58 

Condenser 

qn = h 2 - h3 

127.01 

176.4 

1251.26 


P' ^qn/wc 

5.201 

5.143 

5.428 




11.126 


The air conditioner in a car uses R-134a and the compressor power input is 1.5 kW 
bringing the R-134a from 201.7 kPa to 1200 kPa by compression. The cold space is 

a heat exchanger that cools atmospheric air from the outside 30°C down to 10°C 
and blows it into the car. What is the mass flow rate of the R-134a and what is the 

low temperature heat transfer rate. How much is the mass flow rate of air at 10°C? 
Standard Refrigeration Cycle 

Table B.5: hj = 392.28 kJ/kg; Sj = 1.7319 kJ/kg K; h 4 = h 3 = 266 

C.V. Compressor (assume ideal) 

• • 

mi = m2 wc = h2 - hj; S 2 = Sj + Sggn 

P 2 , s = Si => h 2 = 429.5 kJ/kg => w^ = 37.2 kJ/kg 

m W (2 = W (2 => m = 1.5 / 37.2 = 0.0403 kg/s 
C.V. Evaporator 

Ql = m(hi - h4) = 0.0405(392.28 - 266) = 5.21 kW 

C.V. Air Cooler 

• • • 

mairAh^ir = Ql * m,i,CpAT 

^air = Ql / (CpAT) = 5.21 / (1.004x20) = 0.26 kg / s 




11.127 


A refrigerator using R-134a is loeated in a 20°C room. Consider the eycle to be 
ideal, exeept that the eompressor is neither adiabatie nor reversible. Saturated 

vapor at -20°C enters the eompressor, and the R-134a exits the eompressor at 

50°C. The eondenser temperature is 40°C. The mass flow rate of refrigerant 
around the eycle is 0.2 kg/s, and the coefficient of performance is measured and 
found to be 2.3. Find the power input to the compressor and the rate of entropy 
generation in the compressor process. 

Solution; 

Table B.5: P 2 = P 3 = Psat 4 oc ^ 1017 kPa, h 4 = h 3 = 256.54 kJ/kg 

S 2 « 1.7472 kJ/kg K, h 2 « 430.87 kJ/kg; 

Sj = 1.7395 kJ/kg K, hj = 386.08 kJ/kg 

p = Ol / wc -> wc = qL / P = (hr h 4 ) / P = (386.08 - 256.54) / 2.3 = 56.32 

W (2 = m W (2 = 11.26 kW 
C.V. Compressor hj + w^ + q = h 2 -> 

Oin ^ h 2 - hj -Wq = 430.87 - 386.08 - 56.32 = -11.53 kJ/kg i.e. a heat loss 

Sj + j dQ/T + Sgen = S 2 

Sgen = S 2 - Si - q / To = 1.7472 - 1.7395 + (11.53 / 293.15) = 0.047 kJ/kg K 
Sgen = m Sgen = 0.2 x 0.047 = 0.0094 kW / K 

Ideal refrigeration cycle 
with actual compressor 

Tcond = 40°C 

T 2 = 50°C 

Tevap = - 20 «C = Tj 
Properties from Table B.5 




11.128 


A refrigerator has a steady flow of R-22 as saturated vapor at -20°C into the 
adiabatie eompressor that brings it to 1000 kPa. After the eompressor, the 

temperature is measured to be 60°C. Find the aetual eompressor work and the 
aetual eyele eoeffieient of performanee. 

Solution: 

Table B.4.1: hj = 242.06 kJ/kg, Sj = 0.9593 kJ/kg K 

P 2 = P 3 = 1000 kPa, h 4 = h 3 = hf = 72.86 kJ/kg 
h 2 ac = 286.97 kJ/kg 
C.V. Compressor (aetual) 

Energy Eq.: w^ = ^2 - hi = 286.97 - 242.06 = 44,91 kJ/kg 

C.V. Evaporator 

Energy Eq.: qL = hj- h 4 = hj- h 3 = 242.06 - 72.86 = 169.2 kJ/kg 

qL _ 169.2 
Wcac 44.91 

Ideal refrigeration eyele 
with aetual eompressor 

4"cond ~ 23.4 C — jQQQ i,p^ 

T 2 = 60°C 

Tevap = - 20 °C = Tj 
Properties from Table B.4 




11.129 


A small heat pump unit is used to heat water for a hot-water supply. Assume that 
the unit uses R-22 and operates on the ideal refrigeration eyele. The evaporator 

temperature is 15°C and the eondenser temperature is 60°C. If the amount of hot 
water needed is 0.1 kg/s, determine the amount of energy saved by using the heat 

pump instead of direetly heating the water from 15 to 60°C. 

Solution; 

Ideal R-22 heat pump 

Tj = 15°C, T 3 = 60°C 
From Table B.4.1 

hj = 255.02 kJ/kg, S 2 = Sj = 0.9062 kJ/kg K 
P 2 = P 3 = 2.427 MPa, h 3 = 122.18 kJ/kg 


Entropy eompressor: S 2 = Sj => T 2 = 78.4°C, h 2 = 282.86 kJ/kg 
Energy eq. eompressor: Wj- = h 2 - hj = 27.84 kJ/kg 

Energy eondenser: qj 3 = h 2 - h 3 = 160.68 kJ/kg 

To heat 0.1 kg/s of water from 15°C to 60°C, 

QH 2 o = m(Ah) = 0.1(251.11 -62.98)= 18.81 kW 

Using the heat pump 

Win = QH 2 o(wc/qH) = 18.81(27.84/160.68) = 3.26 kW 
a saving of 15,55 kW 




11.130 


The refrigerant R-22 is used as the working fluid in a eonventional heat pump 

eyele. Saturated vapor enters the eompressor of this unit at 10°C; its exit 

temperature from the compressor is measured and found to be 85°C. If the 
compressor exit is at 2 MPa what is the compressor isentropic efficiency and the 
cycle COP? 


Solution; 

R-22 heat pump: 

Table B.4 

State 1: Tgy^p = 10°C, x = 1 

hj = 253.42 kJ/kg, Sj = 0.9129 kJ/kg K 

State 2: T 2 , P 2 : h 2 = 295.17 kJ/kg 


C.V. Compressor 

Energy Eq.: Wc ac = ^2 - hi = 295.17 



253.42 = 41.75 kJ/kg 


State 2s: 2 MPa , S 2 s = Sj = 0.9129 kJ/kg T 2 S = 69°C, h 2 s = 280.2 kJ/kg 


Efficiency: 


C.V. Condenser 


w 




Cs 


h2s ■ hi 


280.2 -253.42 


Wc 


ac 


h2-hi 295.17-253.42 


= 0.6414 


Energy Eq.: Qh ^ h 2 - h 3 = 295.17 - 109.6 = 185.57 kJ/kg 


COP Heat pump: 


P = 


w 


Oh 185.57 
■ 41.75 


= 4.44 


C ac 



11.131 


A refrigerator in a laboratory uses R-22 as the working substance. The high 
pressure is 1200 kPa, the low pressure is 201 kPa, and the compressor is 

reversible. It should remove 500 W from a specimen currently at -20°C (not 
equal to T in the cycle) that is inside the refrigerated space. Find the cycle COP 
and the electrical power required. 

Solution; 

State 1: 201 kPa, x = 1, Table B.4.1; hj = 239.92 kJ/kg, Sj = 0.9685 kJ/kg K 


State 3: 1200 kPa, x = 0, Table B.4.1: hj = 81.57 kJ/kg 

C.V. Compressor 

Energy Eq.; W(- = h 2 - hj 

Entropy Eq.; §2 ^ + Sgen ^ 

State 2: 1.2 MPa , S 2 = Sj = 0.9685 kJ/kg, T 2 « 6 OT, h 2 = 285.21 kJ/kg 

wc = h 2 - hi = 285.21 - 239.92 = 45.29 kJ/kg 
Energy Eq. evaporator; qL = hj - h 4 = hj - hj = 239.92 - 81.57 = 158.35 kJ/kg 


COP Refrigerator: 


Ol _ 158.35 
Wq 45.29 


Power; 


Win = Ql / P = 500 W/ 3.5 = 142,9 W 



11.132 


Consider the previous problem and find the two rates of entropy generation in the 
process and where they occur. 

Solution: 

From the basic cycle we know that entropy is generated in the valve as the throttle 
process is irreversible. 

State 1: 201 kPa, x = 1, Table B.4.1: hj = 239.92 kJ/kg, Sj = 0.9685 kJ/kg K 

State 3: 1200 kPa, x = 0, Table B.4.1: hj = 81.57 kJ/kg, S 3 = 0.30142 kJ/kg K 
Energy Eq. evaporator: = hj - h 4 = hj - h 3 = 239.92 - 81.57 = 158.35 kJ/kg 


Mass flow rate: 

C.V. Valve 
Energy Eq.: 


Entropy Eq.: 


ih = Ql / qL = 0.5 / 158.35 = 0.00316 kg/s 


h 4 = h 3 = 81.57 kJ/kg => X 4 = (h 4 - hf)/hfg 
81.57-16.19 

^4 223.73 0-29223 

S 4 = Sf + X 4 Sfg = 0.067 + X 4 X 0.9015 = 0.33045 kJ/kg K 
Sgen = S 4 - S 3 = 0.33045 - 0.30142 = 0.02903 kJ/kg K 


Sggn valve ^ ^ 0.00316 x 0.02903 = 0.0917 W/K 


There is also entropy generation in the heat transfer process from the specimen at 
-20°C to the refrigerant T = -25°C = T^^j (201 kPa). 



gen inside 





specimen 



= 0.04 W/K 



11.133 


In an actual refrigeration eyele using R-12 as the working fluid, the refrigerant flow 
rate is 0.05 kg/s. Vapor enters the eompressor at 150 kPa, -10°C, and leaves at 1.2 
MPa, 75°C. The power input to the compressor is measured and found be 2.4 kW. 
The refrigerant enters the expansion valve at 1.15 MPa, 40°C, and leaves the 
evaporator at 175 kPa, -15°C. Determine the entropy generation in the compression 
process, the refrigeration eapaeity and the eoeffieient of performance for this eyele. 

Solution; 

Aetual refrigeration eyele 

1: eompressor inlet Tj = -10°C, Pj = 150 kPa 
2: eompressor exit T 2 = 75°C, P 2 = 1.2 MPa 
3: Expansion valve inlet T 3 = 40°C 

P 3 = 1.15 MPa 

5: evaporator exit T 5 = -15°C, P 5 = 175 kPa 

Table B.3 hj = 184.619, Sj = 0.7318, h 2 = 226.543, S 2 = 0.7404 

CV Compressor: hj + q^Qf^p + W( 2 omp ^2 ; sj + j dq/T + Sgg^ = §2 

WcoMP ^ W( 2 Q]vjp/m = 2.4/0.05 = 48.0 kJ/kg 
OcoMP ~ ^2 ” ^COMP ” ^1 ~ 226.5 - 48.0 - 184.6 ~ -6.1 kJ/kg 
Sgen = S 2 - Si - q / Tg = 0.7404 - 0.7318 + 6.1/298.15 = 0.029 kJ / kg K 
C.V. Evaporator 

Ol = hs - h 4 = 181.024 - 74.527 = 106.5 kJ/kg 

^ Ql = mqp = 0.05 x 106.5 = 5.325 kW 
COP: p = qp/wcoMP = 106.5/48.0 = 2.219 




Ammonia absorption cycles 


11.134 

Consider a small ammonia absorption refrigeration eyele that is powered by solar 
energy and is to be used as an air eonditioner. Saturated vapor ammonia leaves 

the generator at 50°C, and saturated vapor leaves the evaporator at 10°C. If 7000 
kJ of heat is required in the generator (solar colleetor) per kilogram of ammonia 
vapor generated, determine the overall performanee of this system. 

Solution; 

NH 3 absorption eyele: 

sat. vapor at 50°C exits the generator 
sat. vapor at 10°C exits the evaporator 

Oh ^ Ogen 7000 kJ/kg NH 3 out of gen. 

C.V. Evaporator 

= h 2 - hj = hg jqO(^ - hf 5 qO(^ = 1452.2 - 421.6 = 1030.6 kJ/kg 
COP ^ qL/qH= 1030.6/7000 = 0.147 




11.135 


The performance of an ammonia absorption cycle refrigerator is to be compared 
with that of a similar vapor-compression system. Consider an absorption system 

having an evaporator temperature of-10°C and a condenser temperature of 50°C. 

The generator temperature in this system is 150°C. In this cycle 0.42 kJ is 
transferred to the ammonia in the evaporator for each kilojoule transferred from 
the high-temperature source to the ammonia solution in the generator. To make 

the comparison, assume that a reservoir is available at 150°C, and that heat is 
transferred from this reservoir to a reversible engine that rejects heat to the 

surroundings at 25°C. This work is then used to drive an ideal vapor-compression 
system with ammonia as the refrigerant. Compare the amount of refrigeration that 
can be achieved per kilojoule from the high-temperature source with the 0.42 kJ 
that can be achieved in the absorption system. 


Solution: 



For the rev. heat engine: 


f f 


hTH=l-VT„=l- 


298.2 

423.2 


= 0.295 


^ Wc = tithQh = 0-295 kJ 

For the NH 3 refrig, cycle: P 2 ^ P 3 ^ 2033 kPa , Use 2000 kPa Table 


135°C 


1724 


S2 = Si = 5.4673 => T2«135°C h2«1724 

wc = h 2 - hi = 1724 - 1430.8 = 293.2 kJ/kg 
qL = hi - h 4 = 1430.8 - 421.48 = 1009.3 kJ/kg 
P = Ol/wc = 1009.3 / 293.2 = 3.44 
^ Ql = Pwc = 3.44 X 0.295 = 1.015 kJ 

based on assumption of ideal heat engine & refrigeration cycle. 



Air standard refrigeration cycles 


11.136 

The formula for the coeffieient of performanee when we use eold air properties is 
not given in the text. Derive the expression for COP as function of the 
compression ratio similar to how the Brayton cycle efficiency was found. 


Definition of COP: 


qr _ qr _ 1 

Wnet qn ■ qr 

qr 


From the refrigeration cycle we get the ratio of the heat transfers as 

qH_ Cp(T2-T3) _ T2(l-T3/T2) 
qL Cp(Ti-T4) Ti(1-T4/Ti) 

The pressure ratios are the same and we have isentropic compression/expansion 

,k/(k- 1 ) 


so now we get 


Ti T 


or 


The heat transfer ratio simplifies to 

T 2 


Sh 

qL 


T 


1 


P2 

Ps 


k/(k-l) 


Pi’ 

'P 4 

kTly 



T2 

T 3 


T 4 

T 3 


Ti T 


and so the COP reduces to 






p 




(k-l)/k 




11.137 


A heat exchanger is incorporated into an ideal air-standard refrigeration cycle, as 
shown in Fig. PI 1.137. It may be assumed that both the compression and the 
expansion are reversible adiabatic processes in this ideal case. Determine the 
coefficient of performance for the cycle. 

Solution; 

T 

© 


s 

Standard air refrigeration cycle with 

Ti = T 3 = 15 °C = 288.2 K, Pi = 100kPa, P 2 = 1 . 4 MPa 

T 4 = Tg =-50 °C = 223.2 K 

We will solve the problem with cold air properties. 

Compressor, isentropic S 2 = Sj so from Eq.8.32 

k-l 

^ T 2 = Ti(P 2 /Pi) k =288.2(1400/100)°-^^^ = 613 K 
wc = -W 12 = Cpo(T 2 - Tj) = 1.004(613 - 288.2) = 326 kJ/kg 

Expansion in expander (turbine) 

k-l 

S 5 = S 4 ^ T 5 = T 4 (P 5 /P 4 )~ = 223.2(100/1400)°-^^° = 104.9 K 
We = Cpo(T 4 - T 5 ) = 1.004(223.2 - 104.9) = 118.7 kJ/kg 

Net cycle work 

Wnet = -Wp - W (2 = 118.7 - 326.0 = -207.3 kJ/kg 

qL = Cpo(T 6 -T 5 ) = WE=118.7kJ/kg 

Overall cycle performance, COP 

P = Ol/wnet = 118.7 / 207.3 = 0.573 





11.138 


Repeat Problems 11.137, but assume that helium is the cycle working fluid 
instead of air. Discuss the significance of the results. 

A heat exchanger is incorporated into an ideal air-standard refrigeration cycle, as 
shown in Fig. PI 1.137. It may be assumed that both the compression and the 
expansion are reversible adiabatic processes in this ideal case. Determine the 
coefficient of performance for the cycle. 

Solution: 

T 

© 

s 

Standard air refrigeration cycle with helium and states as 

Ti = T 3 = 15 °C = 288.2 K, Pi = 100kPa, P 2 = 1 . 4 MPa 

T 4 = Tg =-50 T = 223.2 K 
Compressor, isentropic S 2 = Sj so from Eq.8.32 

— fl400'i0.40 

^ T 2 = Ti(P 2 /Pi) k = 288.2^^^J = 828.2 K 

wc = -W 12 = Cpo(T 2 - Tj) = 5.193(828.2 - 288.2) = 2804.1 kJ/kg 

Expansion in expander (turbine) 

— f 100 ^0.40 

S 5 = S 4 => Tg = T 4 (Pj/P 4 ) k = 223.2 ~ 77.7 K 

We = Cpo(T 4 - T 5 ) = 15.193(223.2 - 77.7) = 755.5 kJ/kg 

Net cycle work 

Wnet = 755.5 - 2804.1 = -2048.6 kJ/kg 
Ol = CpoCTe - T 5 ) = 5.193(223.2 - 77.7) = 755.5 kJ/kg 
Overall cycle performance, COP 

p = Ol/wnet = 755.5/2048.6 = 0.369 

Notice that the low temperature is lower and work terms higher than with air. 

It is due to the higher heat capacity Cpg and ratio of specific heats ( k = I 2 / 3 ). The 

expense is a lower COP requiring more work input per kJ cooling. 





11.139 


Repeat Problem 11.137, but assume an isentropie effieieney of 75% for both the 
eompressor and the expander. 

Standard air refrigeration eyele with 

Ti = T 3 = 15 °C = 288.2 K, Pi = 100kPa, P 2 = 1 . 4 MPa 

T 4 = T 6 =-50 °C = 223.2 K 

We will solve the problem with eold air properties. 

Ideal eompressor, isentropie s^g = Sj so from Eq.8.32 

k-l 

^ T^g = Ti(P 2 /Pi) k =288.2(1400/100)™ = 613 K 
Wgc = -W 12 = Cpo(T 2 s - Tj) = 1.004(613 - 288.2) = 326 kJ/kg 

The aetual eompressor 

''"c ^ ''"sc ^ ^sc 326/0.75 = 434.6 kJ/kg 

Expansion in ideal expander (turbine) 

k-l 

S 5 = S 4 ^ Tjg = T 4 (P 5 /P 4 )ir = 223.2(100/1400)°'^^^ = 104.9 K 
We = Cpo(T 4 - T 5 ) = 1.004(223.2 - 104.9) = 118.7 kJ/kg 

The aetual expander (turbine) 

T 

''"e ^ ^SE ^ ''"sE ^ ^ 118.7 = 89.0 kJ/kg 

= Cpo(T 4 -T 3 )= 1.004(223.2-Tj) 

^ T 5 = 134.5 K 

Wj^p.p = 89.0 - 434.6 = -345.6 kJ/kg 

s 

qp = CpQ(Tg - T^) = 1.004(223.2 - 134.5) = 89.0 kJ/kg 
p = qp/(-w^p.p) = 89.0/345.6 = 0.258 




Combined Cycles 
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A binary system power plant uses mereury for the high-temperature eyele and 
water for the low-temperature eyele, as shown in Fig. 11.39. The temperatures 
and pressures are shown in the eorresponding T-s diagram. The maximum 
temperature in the steam eyele is where the steam leaves the superheater at point 4 

where it is 500°C. Determine the ratio of the mass flow rate of mereury to the 
mass flow rate of water in the heat exehanger that eondenses mereury and boils 
the water and the thermal effieieney of this ideal eyele. 

The following saturation properties for mereury are known 

P, MPa Tg, °C hf, kJ/kg hg, kJ/kg Sf kJ/kgK Sg, kJ/kgK 

0.04 309 42.21 335.64 0.1034 0.6073 

1.60 562 75.37 364.04 0.1498 0.4954 

Solution: 

For the mereury eyele: 

Sd = Sg = 0.4954 = 0.1034 + Xd x 0.5039, Xd = 0.7779 

hd = h^ - Wp hg ~ ( sinee Vp is very small) 

qn = hg - h^ = 364.04 - 42.21 = 321.83 kJ/kg 

Ol = hd - ha = 270.48 - 42.21 = 228.27 kJ/kg 

For the steam eyele: 

S 5 = S 4 = 7.0097 = 0.6493 + X 5 x 7.5009, X 5 = 0.8480 
h, = 191.83 + 0.848 x 2392.8 = 2220.8 


Wp « Vi(P2 - Pi) = 0.00101(4688 - 10) = 4.7 kJ/kg 
h2 = hi + Wp = 191.8 + 4.7 = 196.5 


qn (from Hg) = h 3 - h 2 = 2769.9 - 196.5 = 2600.4 
qn (ext. souree) = hd - h 3 = 3437.4 - 2796.9 = 640.5 
CV: Hg eondenser - H 2 O boiler: 1 st law: nijjg(hd - ha) = rnjp 2 o(h 3 - h 2 ) 


2796.9- 196.5 
mHg/mH20 270.48 -42.21 


11.392 


9h total “ (niHg/i^H 2 o)(hc" hb) + (hd - h 3 ) (for 1 kg H 2 O) 

= 11.392 X 321.83 + 640.5 = 4306.8 kJ 

All qp is from the H 2 O eondenser: 

qp = h5-hi = 2220.8 - 191.8 = 2029.0 kJ 
Wnet ^ 9h ■ 9l ^ 4306.8 - 2029.0 = 2277.8 kJ 


Pth ^ Whet/Oh ^ 2277.8/4306.8 = 0.529 
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A Rankine steam power plant should operate with a high pressure of 3 MPa, a low 
pressure of 10 kPa, and the boiler exit temperature should be 500°C. The 

available high-temperature souree is the exhaust of 175 kg/s air at 600°C from a 
gas turbine. If the boiler operates as a eounterflowing heat exehanger where the 
temperature differenee at the pineh point is 20°C, find the maximum water mass 
flow rate possible and the air exit temperature. 

Solution; 


C.V. Pump 

Wp = h2 - hi = Vi(P2 - Pi) 

= 0.00101(3000 - 10) = 3.02 kJ/kg 
h 2 = hi +wp= 191.83 + 3.02= 194.85 kJ/kg 

Heat exehanger water states 
State 2a: T 2 a = = 23 3.9 °C 

h2a = 1008.42 kJ/kg 

State 3: hj = 3456.5 kJ/kg 


T 


Heat exehanger air states 
inlet: h^ij. i^ = 903.16 kJ/kg 

State 2a: 20) = 531.28 kJ/kg 


2 




a 



AA/W 

:at exch 

AAA/V 

HE 


2 a 


1 


3 


Air temperature should be 253.9°C at the point where the water is at state 2a. 
C.V. Seetion 2a-3, i-a 


- h2a) = mair(hi - h^) 




903.16-531.28 , 

3456.5 - 1008.42 26.584 kg/s 



^ hg = hi - niH^oChs - h2)/mair 

= 903.6 - 26.584(3456.5 - 194.85)/175 = 408.13 kJ/kg 
^ Tg = 406.7 K= 133.6 °C, Te>T2 = 46.5°C OK. 
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A simple Rankine cycle with R-22 as the working fluid is to be used as a 
bottoming cycle for an electrical generating facility driven by the exhaust gas 
from a Diesel engine as the high temperature energy source in the R-22 boiler. 

Diesel inlet conditions are 100 kPa, 20°C, the compression ratio is 20, and the 

maximum temperature in the cycle is 2800°C. Saturated vapor R-22 leaves the 

bottoming cycle boiler at 110°C, and the condenser temperature is 30°C. The 
power output of the Diesel engine is 1 MW. Assuming ideal cycles throughout, 
determine 

a. The flow rate required in the diesel engine. 

b. The power output of the bottoming cycle, assuming that the diesel exhaust is 
cooled to 200°C in the R-22 boiler. 




Diesel cycle information given means: 

Inlet state: Pj = 100 kPa, Tj = 20 °C, 
Compression ratio: Vi/v 2 = 20, 


High temperature: T 3 = 2800°C, Power output: Wdj£sel 
R ankine cycle information given means: 

Boiler exit state: T 7 = 110 °C, X 7 = 1.0 

Condenser temperature: T 5 = Tg = 30°C 
a) Consider the Diesel cycle 

T 2 = Ti(vi/v 2 )'"-^ = 293.2(20)°-^ = 971.8 K 

P 2 = Pi(vi/v 2 )'" = 100(20)^-4 = 6629 kPa 

qn = Cpo(T 3 - T 2 ) = 1.004(3073.2 - 971.8) = 2109.8 kJ/kg 



0.287 X 293.2 
100 


= 0.8415, V 2 = 


0.8415 

20 


= 0.04208 


V 2 (T 3 /T 2 ) = 0.04208(3073.2/971.8) = 0.13307 



= T 




k-l 


3073.2 


p.133 07 
I 0.8415 


0.4 


J 


1.0 MW 


= 1469.6 K 



qL = 0.717(293.2 - 1469.6) = -843.5 kJ/kg 
Wnet = 2109.8 - 843.5 = 1266.3 kJ/kg 

’^AiR ^ WEfET/wE[ET ^ 1000/1266.3 = 0.79 kg/s 
b) Consider the Rankine eyele 

Sg = Sy = 0.60758 = 0.2399 + Xg x 0.4454, Xg = 0.8255 

hg = 64.59 + 0.8255 x 135.03 = 176.1 kJ/kg 
WE = h 7 -hg= 198.0 - 176.1 =21.9 kJ/kg 
-wp = VsCPg - P 5 ) = 0.000774(3978.5 - 744.9) = 2.50 
hg = h 5 - Wp = 64.6 + 2.5 = 67.1 kJ/kg 
qn = hy - hg = 198.0 - 67.1 = 130.9 kJ/kg 
Conneeting the two eyeles. 

Qjj available from Diesel exhaust eooled to 200 °C: 

Qh = 0.79 X 0.717(1469.6 - 473.2) = 564 kW 

^ n^R -12 ^ Qh/Oh ^ 564/130.9 = 4.309 kg/s 
Wr.i2 = 4.309(21.9 - 2.5) = 83.6 kW 


Comment: The heat exehange proeess between the two eyeles is not realistie. The 
exhaust must be expanded down to 100 kPa from state 4 and then flow at eonstant 
P through a heat exehanger. 
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A cascade system is eomposed of two ideal refrigeration eyeles, as shown in Fig. 

11.41. The high-temperature eyele uses R-22. Saturated liquid leaves the 

eondenser at 40°C, and saturated vapor leaves the heat exehanger at -20°C. The 
low-temperature eyele uses a different refrigerant, R-23. Saturated vapor leaves 

the evaporator at -80°C, h = 330 kJ/kg, and saturated liquid leaves the heat 

exehanger at -10°C, h = 185 kJ/kg. R-23 out of the eompressor has h = 405 kJ/kg. 
Caleulate the ratio of the mass flow rates through the two eyeles and the 
eoeffieient of performanee of the system. 



T,°C 


-20 


71 


40 


-20 



0.245 242.1 0.9593 


1.534 289.0 0.9593 


1.534 94.3 








m/m' = 


94.3 


hl-h; 242.1 -94.3 



T,°C 

P 

h 

-80 

0.12 

330 

50 

1.90 

405 

-10 

1.90 

185 

-80 

0.12 

185 


hi - hj 


405 - 185 


= 0.672 


qL = hj -h^ = 330 - 185 = 145 kJ/kg 



1.76 


1.76 




- = (^2 - hi) + (mVm)(h^ - hj) 

= (405 - 330) + (l/0.672)(289 - 242.1) = 144.8 kJ/kg 


P = Ql/-Wtot = 145/144.8 = 1.0 
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Consider an ideal dual-loop heat-powered refrigeration eyele using R-12 as the 

working fluid, as shown in Fig. PI 1.87. Saturated vapor at 105°C leaves the boiler 

and expands in the turbine to the condenser pressure. Saturated vapor at -15°C 
leaves the evaporator and is compressed to the condenser pressure. The ratio of 
the flows through the two loops is such that the turbine produces just enough 
power to drive the compressor. The two exiting streams mix together and enter 

the condenser. Saturated liquid leaving the condenser at 45°C is then separated 
into two streams in the necessary proportions. Determine the ratio of mass flow 
rate through the power loop to that through the refrigeration loop. Find also the 

• • 

performance of the cycle, in terms of the ratio Ql /Qh- 


Solution: 



Table B.3.1 Tg = 105°C sat. vapor => P 5 = Pg = 3.6509 MPa 

Table B.3.1 T 3 = 45°C sat. liquid => P 2 = P 3 = P 7 = 1.0843 MPa 

hi = 180.97; h 3 = h 4 = 79.71; h 6 = 206.57 

C.V. Turbine 

Sy = Sg = 0.6325 = 0.2877 + xy x 0.3934; Xy = 0.8765 

by = 79.71 + 0.8765 x 125.16 = 189.41 
C.V. Compressor (computer tables are used for this due to value of P) 

S 2 = Si = 0.7051, Py => T 2 = 54.7T, h 2 = 212.6 kJ/kg 

CV: turbine + compressor 

Continuity Eq.: ihi = 1112 , ihg = ihy ; 

Energy Eq.: ihihi + ihghg = m 2 h 2 + ihyhy 


ihg/ihi = (212.6 - 180.97)/(206.57 - 189.41) = 1.843 




C V: pump 

wp = V 3 (P 5 - P 3 ) = 0.000811(3651 - 1084) = 2.082 kJ/kg 
I 15 = I 13 + Wp = 81.79 kJ/kg 

CV: evaporator ^ Ql ^ - 114 ) 


CV: boiler 



Qh = ^ 6(^6 - hs) 


Ql mi(hi - ^ 4 ) 
Qh ^ 6(^6 - hs) 


180.97- 79.71 


1.843(206.57 - 81.79) 


0.44 
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For a cryogenic experiment heat should be removed from a space at 75 K to a 
reservoir at 180 K. A heat pump is designed to use nitrogen and methane in a 
easeade arrangement (see Fig. 11.41), where the high temperature of the nitrogen 
condensation is at 10 K higher than the low-temperature evaporation of the 
methane. The two other phase ehanges take place at the listed reservoir 
temperatures. Find the saturation temperatures in the heat exchanger between the 
two cycles that gives the best coefficient of performance for the overall system. 

The nitrogen cycle is the bottom cycle and the methane cycle is the top cycle. 
Both std. refrigeration eyeles. 




180 K = n 

3m 


= T 

IN 





T = T = 

4m Im 

T^^ - 10, Trial and error on T^^ 

or T. . 

Lm 


For eaeh eycle we have, 






-w = 

hs-hj, S2 = 

®i’ ■‘^H ^2‘^3’ 

r 

II 

1 

II 

1 

CJ 


Nitrogen: T^ 

= Tj = 75 K 

^ hj = 74.867 kJ/kg, 

Sj = 5.4609 kJ/kg K 


N2 

T3 

h3 

P2 h2 

-Wc 

-m 

qL 

a) 

120 

-17.605 

2.5125 202.96 

128.1 

220.57 

92.47 

b) 

115 

-34.308 

1.9388 188.35 

113.5 

222.66 

109.18 

c) 

110 

-48.446 

1.4672 173.88 

99.0 

222.33 

123.31 

Methane: T 

= 180K ^ 

h^ = -0.5 kJ/kg, = 

3.28655 MPa 


CH4 

T4 

hi 

SI h2 

-Wc 

-qn 

qL 

a) 

no 

221 

9.548 540.3 

319.3 

540.8 

221.5 

b) 

105 

212.2 

9.691 581.1 

368.9 

581.6 

212.7 

c) 

100 

202.9 

9.851 629.7 

426.8 

630.2 

203.4 


The heat exchanger that connects the eyeles transfers a Q 


• • 

QHn = 4Hnmn= Ql^ = 4Lm mm => mrn/mn = qHn/qLm 
The overall unit then has 


• • 

Ql 75 K = mn qLn i = - (lilnWcn + nimWcm) 


P = Q 


L 75 K^^tot in " 4Ln/[-Wcn -(mm/mn)Wcm] 


Case 

a) 

b) 

c) 


ihm/mn 

Wcn+(mm/mn)Wcm 

P 

0.996 

446.06 

0.207 

1.047 

499.65 

0.219 

1.093 

565.49 

0.218 


A maximum coeff. of performance is between case b) and e). 



Availabilty or Exergy Concepts 
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Find the flows and fluxes of exergy in the eondenser of Problem 11.32. Use those 
to determine the seeond law effieieney. 


For this ease we seleet Tq = 12°C = 285 K, the oeean water temperature. 

The states properties from Tables B.1.1 
and B.1.3 

1:450C, x = 0: hj = 188.42 kJ/kg, 

3: 3.0 MPa, 600OC: S 3 = 7.5084 kJ/kg K 

C.V. Turbine : wj = h 3 - h 4 ; S 4 = S 3 

S 4 = S 3 = 7.5084 = 0.6386+ X 4 (7.5261) => X 4 = 0.9128 

=> h 4 = 188.42 + 0.9128 (2394.77) = 2374.4 kJ/kg 
C.V. Condenser : qL = h 4 - h^ = 2374.4 - 188.42 = 2186 kJ/kg 



Ql = mqL = 25 X 2186 = 54.65 MW = ihocean Cp AT 

ihocean = Ql / Cp AT = 54 650 / (4.18 x 3) = 4358 kg/s 
The net drop in exergy of the water is 


®water ^water [^4 ®i)] 

= 25 [ 2374.4 - 188.4 - 285 (7.5084 - 0.6386)] 
= 54 650 - 48 947 = 5703 kW 

The net gain in exergy of the oeean water is 



ocean 


^ocean[^5 S^)] 


ov-6 


T 


Aoc..n[Cp(T, - Tj) - T„Cp ln(p-) ] 


4358 [ 4.18(15 - 12) - 285 X 4.18 In 


273 + 15 
273 + 12 J 


= 54 650 - 54 364 = 286 kW 


The seeond law effieieney is 



ocean 



water 


286 

5703 


0.05 


In reality all the exergy in the oeean water is destroyed as the 15°C water mixes 

with the oeean water at 12°C after it flows baek out into the oeean and the 
effieieney does not have any signilieanee. Notiee the small rate of exergy relative 
to the large rates of energy being transferred. 
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Find the availability of the water at all four states in the Rankine cyele described 
in Problem 11.33. Assume that the high-temperature source is 500°C and the low- 
temperature reservoir is at 25°C. Determine the flow of availability in or out of 
the reservoirs per kilogram of steam flowing in the cycle. What is the overall 
cycle second law efficiency? 

Solution; 

Reference State: 100 kPa, 25°C, s^ = 0.3674 kJ/kg K, h^, = 104.89 kJ/kg 

V1 = hj - ho - To(Sj - So) 

= 191.83 - 104.89 - 298.15(0.6493 - 0.3674) = 2.89 kJ/kg 
^2 = 195.35 - 104.89 - 298.15(0.6493 - 0.3674) = Vj + 3.525 = 6.42 kJ/kg 

\|/3 = 3222.3 - 104.89 - 298.15(6.8405 - 0.3674) = 1187.5 kJ/kg 

^4 = V 3 - = 131.96 kJ/kg 

A\\f^ = (1 - To/Tjj)qj 3 = 0.6144 x 3027 = 1859.7 kJ/kg 

= (1 - To/To)qc "" ^ 

Pjj = = (1055.5 - 3.53)/1859.7 = 0.5657 


Notice— T 33 > T 3 , Tl < T 4 = Tj so cycle is externally irreversible. Both and 
q^ over finite AT. 
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Find the flows of exergy into and out of the feedwater heater in Problem 11.43. 


State 1: Xj = 0, hj = 298.25 kJ/kg, Vj = 0.001658 m^/kg 

State 3: X 3 = 0, h 3 = 421.48 kJ/kg, V 3 = 0.001777 m^/kg 

State 5: hj = 421.48 kJ/kg, S 5 = 4.7306 kJ/kg K 

State 6 : Sg = S 5 => Xg = (sg - Sf)/Sfg = 0.99052, hg = 1461.53 kJ/kg 
C.VPump PI 

wpi =h 2 -hi = Vi(P 2 -Pi) = 0.001658(2033 - 1003) = 1.708 kJ/kg 

=> h 2 = hi + wpi = 298.25 + 1.708 = 299.96 kJ/kg 


• • 

C.V. Feedwater heater: Call mg / mj^j = x (the extraetion fraetion) 

Energy Eq.: (1 - x) h 2 + x hg = 1 h 3 


h 3 - h 2 _ 762.79- 189.42 
hg-h 2 “ 3640.6- 189.42 


= 0.1046 


• • 

mgxtr = X mjpf = 0.1046 x 5 = 0.523 kg/s 
m^ = (1-x) m(Q( = (1 - 0.1046) 5 = 4.477 kg/s 




Referenee State: lOOkPa, 20°C, s^ = 6.2826 kJ/kg K, h^, = 1516.1 kJ/kg 

^2 ^ ^2 ■ ■ ^ 0(82 - So) 

= 299.96 - 1516.1 - 293.15(1.121 - 6.2826) = 296.21 kJ/kg 
v|/g = 1461.53 - 1516.1 - 293.15(4.7306 - 6.2826) = 400.17 kJ/kg 

V 3 = 421.48 - 1516.1 - 293.15(1.5121 - 6.2826) = 303.14 kJ/kg 

The rate of exergy flow is then 

62 = 1112^2 = 4.477 X 296.21 = 1326 kW 
= riigVg = 0.523 X 400.17 = 209.3 kW 

63 = 1113^3 = 5.0 X 303.14 = 1516 kW 

The mixing is destroying 1326 + 209 -1516 = 19 kW of exergy 
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Find the availability of the water at all the states in the steam power plant 

deseribed in Problem 11.57. Assume the heat souree in the boiler is at 600°C and 

the low-temperature reservoir is at 25°C. Give the seeond law effieieney of all the 
eomponents. 


From solution to 


11.21 



11.57 


States 

0 

1 sat liq. 

2 a 

3 

4a (x = 0.7913) 

h [kJ/kg] 

104.89 

191.81 

195.58 

2804.14 

2085.24 

s [kJ/kg K] 

0.3674 

0.6492 

0.6529 

6.1869 

6.5847 


The entropy for state 2a was done using the eompressed liquid entry at 2MPa at 
the given h. You eould interpolate in the compressed liquid tables to get at 3 MPa 
or use the computer tables to be more accurate. 

Definition of flow exergy; \)/ = h - h^ - T^(s - s^) 

\\> = 191.81 - 104.89 - 298.15(0.6492 - 0.3674) = 2.90 kJ/kg 
= 195.58 - 104.89 - 298.15(0.6529 - 0.3674) = 5.57 kJ/kg 
V 3 = 2804.14 - 104.89 - 298.15(6.1869 - 0.3674) = 964.17 kJ/kg 
^ 4 ^ = 2085.24 - 104.89 - 298.15(6.5847 - 0.3674) = 126.66 kJ/kg 

Pump = (V2a - Vi) / % ac = (5-57 - 2.9) / 3.775 = 0.707 

^II Boiler = (^3 

= (964.17 - 3.18) / [0.658x2608.6] = 0.56 
Turbine = ac ^ (^3 ' ^4a) = ' (964-17 - 126.66) = 0.858 

^II Cond = / (^4a - V = 0 


Remark: Due to the interpolation the efficiency for the pump is not quite correct. 
It should have a second law efficiency greater than the isentropic efficiency. 
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Consider the Brayton eyele in Problem 11.72. Find all the flows and fluxes of 
exergy and find the overall eyele seeond-law effieieney. Assume the heat transfers 
are internally reversible processes, and we then neglect any external 
irreversibility. 

Solution; 

Efficiency is from Eq. 11.8 




^net . -(k-l)/k 

-=-= 1 . j- ^ =1- 


16 


- 0 . 4 / 1.4 


= 0.547 


Qh 


qn 


p 


from the required power we can find the needed heat transfer 

14 000 

Qh= /h == 25 594 kW 

m = Qh / qn = 25 594 kW/ 960 kJ/kg = 26.66 kg/s 
Temperature after compression is 

T 2 = Ti = 290 X = 640.35 K 


P 

The highest temperature is after combustion 

960 


T 3 — T 2 + qn/Cp — 640.35 + ^ 


004 


= 1596.5 K 


For the exit flow I need the exhaust temperature 

_k-l 

T 4 = T 3 rp“k = 1596.5 X 16“®-28^^ = 723 K 


^II 


H 


since the low T exergy flow out is lost 


The high T exergy input from combustion is 


% = m(V3 - V2) = “1^3 - ^2 - T(s3 - S2)] 

= 26.66 [960 - 298 x 1.004 In = 18 303 kW 


t 1 ii = Wnet^Oh = 14 000/ 18 303 = 0.765 


O „ . = m(\|/, - \j/J = m[h, - h - T(s, - s J] 


flow in 


0 


o 


o 


290 


= 26.66 [ 1.004(17-25)-298 x 1.004 ln(^)] = 2.0kW 


®flow out = - V,) = m[hj - h^ - T(Sj - s^)] 


723 


= 26.66 [ 1.004(723 - 298) - 298 x 1.004 In (^) ] = 4302 kW 
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For Problem 11.141, determine the ehange of availability of the water flow and 
that of the air flow. Use these to determine a seeond law effieieney for the boiler 
heat exehanger. 


From solution to 


11.141 


™H 20 26.584 kg/s, h^ = 194.85 kJ/kg, s^ = 0.6587 kJ/kg K 
h 3 = 3456.5 kJ/kg, S 3 = 7.2338, s°. = 7.9820, s°^ = 7.1762 kJ/kg K 
h, = 903.16 kJ/kg, h = 408.13 kJ/kg 

1 Q 

^3 ■ ^2 ^ ^3 ■ ^2 ■ ■ ^ 2 ^ ^ 1301.28 kJ/kg 

Vj - = h. - h^ - Tq(s°. - sy = 254.78 kJ/kg 



1301.28 x 26.584 
254.78 X 175 


0.776 




Review Problems 



11.152 


A simple steam power plant is said to have the four states as listed: 1: (20°C, 100 

kPa), 2: (25°C, 1 MPa), 3: (1000°C, 1 MPa), 4: (250°C, 100 kPa) with an energy 

source at 1100”C and it rejects energy to a 0°C ambient. Is this cycle possible? 
Are any of the devices impossible? 

Solution: 

The cycle should be like Figure 11.3 for an ideal or Fig. 11.9 for an actual pump 
and turbine in the cycle. We look the properties up in Table B.l: 

State 1: hj = 83.94 , si= 0.2966 State 2: h 2 = 104.87, S 2 = 0.3673 

State 3: h 3 = 4637.6 , S 3 = 8.9119 State 4: h 4 = 2974.3, S 4 = 8.0332 

We may check the overall cycle performance 

Boiler: qn = h 3 - h 2 = 4637.6 - 104.87 = 4532.7 kJ/kg 

Condenser: = h 4 - hj = 2974.3 - 83.94 = 2890.4 kJ/kg 


hcycle = Onet < Oh = (Oh “ Ol) < Oh = 1642.3 / 4532.7 = 0.362 


273.15 


hcarnot 1 "Tl/Tjj 1 - 2 y 2 15 + HQO ^ hcycle 


Check the second law for the individual devices: 

C.V. Boiler plus wall to reservoir 

9h 4532 7 

Seen = S 3 - S 2 - = 8.9119 - 0.3673 - ^ 3^3 


= 5.24kJ/kgK >0 OK 


res 


C.V. Condenser plus wall to reservoir 

Ol 

®gen ® 1 "54 + 


T 


2890 4 

= 0.2966 - 8.0332 + = 2.845 kJ/kg K > 0 OK 


res 


273 


C.V. Pump: Wp = h 2 - h^ = 20.93 kJ/kg ; 


Sgen = S 2 - Si = 0.3673 - 0.2966 = 0.0707 kJ/kg K > 0 OK 


C.V. Turbine: wy = h 3 - h 4 = 4637.6 - 2974.3 = 1663.3 kJ/kg 

Sgen = S 4 - S 3 = 8.0332 - 8.9119 = - 0.8787 kJ/kg K 


s < 0 

^gen ^ 


NOT POSSIBLE 



i T 
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Do Problem 11.31 with R-134a as the working fluid in the Rankine cycle. 

Consider the ammonia Rankine-cycle power plant shown in Fig. PI 1.31, a plant 
that was designed to operate in a location where the ocean water temperature is 

25°C near the surface and 5°C at some greater depth. The mass flow rate of the 
working fluid is 1000 kg/s. 

a. Determine the turbine power output and the pump power input for the cycle. 

b. Determine the mass flow rate of water through each heat exchanger. 

c. What is the thermal efficiency of this power plant? 

Solution; 


a) Turbine 


S 2 = Sj = 1.7183 = 1.0485 + X 2 x 0.6733 



X2 = 0.9948 


h 2 = 213.58 + 0.9948 x 190.65 = 403.24 kJ/kg 
Wt = hi - h2 = 409.84 - 403.24 = 6.6 kJ/kg 


Wj = rhwj = 6600 kW 

Pump: wp « V 3 (P 4 -P 3 ) = 0.000794(572.8 -415.8) = 0.125 kJ/kg 


Wp = Wp/ps = 0-125 => Wp = ihwp = 125 kW 

b) Consider the condenser heat transfer to the low T water 



QtoiowTH20= 1000(403.24-213.58)= 189 660 kW 

189660 r-TQI / 

^lowTH 20 29.38 -20.98 22 579 kg/s 

h4 = h3 - Wp = 213.58 + 0.125 = 213.71 kJ/kg 

Now consider the boiler heat transfer from the high T water 
QfromhighTH20= 1000(409.84 -213.71) = 196 130 kW 


196130 


m 


highTH20 104.87 -96.50 


= 23 432 kg/s 


Pth “ W^et/Qh ~ 


6600 - 125 
196130 


= 0.033 
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An ideal steam power plant is designed to operate on the eombined reheat and 
regenerative eyele and to produee a net power output of 10 MW. Steam enters the 

high-pressure turbine at 8 MPa, 550°C, and is expanded to 0.6 MPa, at which 
pressure some of the steam is fed to an open feedwater heater, and the remainder 

is reheated to 550°C. The reheated steam is then expanded in the low-pressure 
turbine to 10 kPa. Determine the steam flow rate to the high-pressure turbine and 
the power required to drive each of the pumps. 

a) t; ^ 


T 


550 °C 



lOkPa 



b) -wpi 2 = 0.00101(600 - 10 ) = 0.6 kJ/kg 

h 2 = hi - wpi 2 = 191.8 + 0.6 = 192.4 kJ/kg 

-wp 34 = 0.00101(8000 - 600) = 8.1 kJ/kg 

h 4 = h 3 - Wp 34 = 670.6 + 8.1 = 678.7 ; hj = 3521.0 kJ/kg, 


Sg = S 5 = 6.8778 


Tg= 182.32 T h 6 = 2810.0 kJ/kg, 


hy = 3591.9, sg = sy = 8.1348 = 0.6493 + xg x 7.5009 
hg = 191.83 + 0.9979 x 2392.8 = 2579.7 kJ/kg 


xg = 0.9979 


CV: heater 


Cont: mgj^ + my = m 3 = 1 kg, 1st law: rng^hg + myhy = m 3 h 3 


670.6- 192.4 


m 


6 a 


2810.0 - 192.4 ^2 = my = 1-mg^ = 0.8173 


CV: turbine 

Wt = (hj - hg) + (1 - mgj(hy - hg) 

= 3521 - 2810 + 0.8173(3591.9 - 2579.7) = 1538.2 kJ/kg 

CV: pumps 

Wp = myWpiy + m 4 Wp 34 = 0.8214x(-0.6) + lx(-8.1) = - 8.6 kJ/kg 
Wn = 1538.2 - 8.6 = 1529.6 kJ/kg (mg) 


ihg = Wj^/wj^ = 10000/1529.6 = 6,53 kg/s 
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Steam enters the turbine of a power plant at 5 MPa and 400°C, and exhausts to the 
eondenser at 10 kPa. The turbine produees a power output of 20 000 kW with an 
isentropie effieieney of 85%. What is the mass flow rate of steam around the 
eyele and the rate of heat rejeetion in the eondenser? Find the thermal effieieney 
of the power plant and how does this eompare with a Carnot eyele. 

Solution: Wj = 20 000 kW and ri^s ^ ^5 % 

State 3: h 3 = 3195.6 kJ/kg , S 3 = 6.6458 kJ/kgK 

State 1: Pj = P 4 = 10 kPa , sat liq , = 0 

Ti =45.8°C ,hi =hf= 191.8 kJ/kg , vi = Vf= 0.00101 m^/kg 
C.V Turbine : 1st Law: qj + h 3 = h 4 + w^ ; qj = 0 

Wt = h 3 - h 4 , Assume Turbine is isentropie 

® 4 s ^ ^ 6.6458 kJ/kgK , = Sf + X 45 Sfg , solve for X 45 = 0.7994 

^4s = hf + X 45 hfg = 1091.0 kJ/kg 

Wts = h 3 - h 4 s =1091 kJ/kg , w^ = rijgWxs = 927.3 kJ/kg 

m = = 21.568 kg/s , h 4 = h 3 - w^ = 2268.3 kJ/kg 

C.V. Condenser: 1st Law : h 4 = hj + q^ + w^, ; w^ = 0 

qc = h 4 -hi = 2076.5 kJ/kg , = in q^ = 44786 kW 

C.V. Pump: Assume adiabatie, reversible and ineompressible flow 

Wps = j V dP = vi(P 2 - Pi) = 5.04 kJ/kg 
1st Law: h 2 = hi + Wp = 196.8 kJ/kg 

C.V Boiler : 1st Law : qg + h 2 = h 3 + Wg ; Wg = 0 

qg = h 3 - h 2 = 2998.8 kJ/kg 
Wnet = Wg-Wp = 922.3 kJ/kg 

hth = Wnet / Ob = 0-307 

Carnot eyele : Tg = T 3 = 400°C , Tg = Ti = 45.8°C 

ThiIl 

Th 


hth = 


= 0.526 
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Consider an ideal combined reheat and regenerative cycle in which steam enters 

the high-pressure turbine at 3.0 MPa, 400°C, and is extracted to an open 
feedwater heater at 0.8 MPa with exit as saturated liquid. The remainder of the 

steam is reheated to 400°C at this pressure, 0.8 MPa, and is fed to the low- 
pressure turbine. The condenser pressure is 10 kPa. Calculate the thermal 
efficiency of the cycle and the net work per kilogram of steam. 

Solution; 

In this setup the flow is separated into fractions x and 1-x after coming out of Tl. 
The two flows are recombined in the FWH. 

C.V. Tl sg = S 5 = 6.9211 kJ/kgK => hg = 2891.6 kJ/kg 

Wti = hg - hg = 3230.82 - 2891.6 = 339.22 kJ/kg 

C.V. Pump 1; 

wpi = h 2 - hj = Vi(P 2 - Pi) = 0.00101(800 - 10) = 0.798 kJ/kg 
=> h 2 = hi + wpi = 191.81 + 0.798 = 192.61 kJ/kg 




C.V. FWH, h, = hf= 721.1 


Energy equation per unit mass flow exit at 3: 


X hg + (1 - x) h 2 = h 3 


=> 


X = 


^3 - h2 

h -^2 


721.1 - 192.61 
2891.6- 192.61 


0.1958 


C.V. Pump 2 

wp 2 = h 4 - h 3 = V 3 (P 4 - P 3 ) = 0.001115(3000 - 800) = 2.45 kJ/kg 
=> h 4 = h 3 + wp 2 = 721.1 + 2.45 = 723.55 kJ/kg 

C.V. Boiler/steam generator including reheater. 

Total flow from 4 to 5 only fraction 1-x from 6 to 7 

qn = hj - h 4 + (1 - x)(h 7 - hg) = 2507.3 + 301.95 = 2809.3 kJ/kg 











C.V. Turbine 2 


S 8 = 87 = 7.5715 kJ/kgK => Xg = (7.5715 - 0.6492)/7.501 = 0.92285 
hg = hf+xg hfg = 191.81 + 0.92285 X 2392.82 = 2400.0 kJ/kg 

Wt 2 = I 17 - hg = 3267.07 - 2400.02 = 867.05 kJ/kg 

Sum the work terms to get net work. Total flow through T1 only fraetion 1-x 
through T2 and PI and after FWH we have the total flow through P2. 

Wnet = Wti + (1 ' x) Wj2 ' (1 ' x) Wpj - Wp 2 

= 339.2 + 697.3 - 0.64 - 2.45 = 1033.41 kJ/kg 
hcvcie ^ Wjjgt / qn = 1033.41 / 2809.3 = 0,368 
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In one type of nuelear power plant, heat is transferred in the nuelear reaetor to 
liquid sodium. The liquid sodium is then pumped through a heat exehanger where 
heat is transferred to boiling water. Saturated vapor steam at 5 MPa exits this heat 

exehanger and is then superheated to 600°C in an external gas-fired superheater. 
The steam enters the turbine, which has one (open-type) feedwater extraction at 
0.4 MPa. The isentropic turbine efficiency is 87%, and the condenser pressure is 
7.5 kPa. Determine the heat transfer in the reactor and in the superheater to 
produce a net power output of 1 MW. 



5 MPa 



o 


0.4 MPa 


7.5 kPa 


WneT ^ 1 MW , PsT ^ 


-wpi 2 = 0.001008(400 - 7.5) = 0.4 kJ/kg 
h 2 = hj - Wpi 2 = 168.8 + 0.4 = 169.2 kJ/kg 
-Wp 34 = 0.001084(5000 - 400) = 5.0 kJ/kg 
h 4 = hj - Wp 34 = 604.7 + 5.0 = 609.7 kJ/kg 

sys = S 6 = 7.2589, P 7 = 0.4 MPa => T 7 s = 221.2 T, h 7 s = 2904.5 kJ/kg 
hg - h 7 = psA - h 7 s) ^ 3666.5 -h 7 = 0.87(3666.5 

- 2904.5) = 662.9 ^ h 7 = 3003.6 kJ/kg 
Sgs = Sg = 7.2589 = 0.5764 + Xg§ x 7.6750 ; Xg§ = 0.8707 
hgs = 168.8 + 0.8707 x 2406.0 = 2263.7 kJ/kg 

hg - hg = PsxC^e - hgs) ^ 3666.5 - hg = 0.87(3666.5 

-2263.7)= 1220.4 ^ hg = 2446.1 kJ/kg 

CV: heater 

cont; m 2 + m 7 = m 3 = 1.0 kg. Energy Eq.; m 2 h 2 + m 7 h 7 = m 3 h 3 
m 7 = (604.7-169.2)/(3003.6-169.2) = 0.1536 




CV: turbine 


Wt = (hg - by) + (1 - m7)(h7 - hg) 

= 3666.5-3003.6 + 0.8464(3003.6-2446.1) = 1134.8 kJ/kg 

CV: pumps 

Wp = miWpi2 + ni3Wp34 = 0.8464(-0.4) + l(-5.0) = -5.3 kJ/kg 

Wnet= 1134.8 - 5.3 = 1129.5 => m = 1000/1129.5 = 0.885 kg/s 
CV: reactor 

Qreact = m(h5 - W) = 0.885(2794.3 - 609.7) = 1933 kW 

CV: superheater 

Qsup = 0.885(h6 - hj) = 0.885(3666.5 - 2794.3) = 746 kW 
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An industrial application has the following steam requirement: one 10-kg/s stream 
at a pressure of 0.5 MPa and one 5-kg/s stream at 1.4 MPa (both saturated or 
slightly superheated vapor). It is obtained by eogeneration, whereby a high- 

pressure boiler supplies steam at 10 MPa, 500°C to a turbine. The required 
amount is withdrawn at 1.4 MPa, and the remainder is expanded in the low- 
pressure end of the turbine to 0.5 MPa providing the seeond required steam flow. 
Assuming both turbine seetions have an isentropie effieieney of 85%, determine 
the following. 

a. The power output of the turbine and the heat transfer rate in the boiler. 

b. Compute the rates needed were the steam generated in a low-pressure boiler 

without eogeneration. Assume that for eaeh, 20°C liquid water is pumped to the 
required pressure and fed to a boiler. 


Solution: 



high-pressure turbine, first the ideal then the aetual. 

S 4 S = S 3 = 6.5966 kJ/kg K ^ T 4 S = 219.9 T, h 4 s = 2852.6 kJ/kg 
ws HPT = h - h4s = 3373.7 - 2852.6 = 521.1 kJ/kg 
aetual turbine from Eq.9.27 
Whpt ^ hs^sHPi ^ 0-85 X 521.1 = 442.9 kJ/kg 
h 4 = h 3 - w = 3373.7-442.9 = 2930.8 kJ/kg 

^ T 4 = 251.6°C, S 4 = 6.7533 kJ/kg K 
low-pressure turbine first the ideal then the aetual 

S 5 S = 84 = 6.7533 = 1.8607 + Xjg x 4.9606, Xjg = 0.9863 

hjg = 640.23 + 0.9863 x 2108.5 = 2719.8 kJ/kg 
Ws LPT = ^4 - hjs = 2930.8 - 2719.8 = 211.0 kJ/kg 
aetual turbine from Eq.9.27 



Wlpt ^ 'HsWslpt ^ 0-85 X 211.0 = 179.4 kJ/kg 
I 15 = h 4 - w = 2930.8 - 179.4 = 2751.4 > hg OK 

Wturb = 15 X 442.9 + 10 x 179.4 = 8438 kW 

Wp = 15[0.001002(10000 - 2.3)] = 150.3 kW 
I 12 = hj + Wp = 83.96 + 10.02 = 94.0 kJ/kg 

Qh = mi(h3 - 112 ) = 15(3373.7 - 94.0) = 49196 kW 


b) Without cogeneration 

This is to be compared to the amount of heat required to supply 5 kg/s of 1.4 MPa 
sat. vap. plus 10 kg/s of 0.5 MPa sat. vap. from 20°C water. 


Sat. vapor 

1.4 MPa 


Sat. vapor 

6 0.5 MPa 


Pump 1 and boiler 1 

Wp = 0.001002(1400 - 2.3) = 14.0 kJ/kg, 
h 2 = hj + Wp = 83.96 + 14.0 = 85.4 kJ/kg 

2 Q 3 = ini(h 3 - h 2 ) = 5(2790.0 - 85.4) = 13 523 kW 




Wpi = 5 X 14.0 = 7 kW 
Pump 2 and boiler 2 

hj = h 4 + wp 2 = 83.96 + 0.001002(500 - 2.3) = 84.5 kJ/kg 
5 Q 6 = ih 4 (h 6 - hj) = 10(2748.7 - 84.5) = 26 642 kW 



= 10x0.5 = 5kW 


Total Qh = 13523 + 26642 = 40 165 kW 
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Repeat Problem 11.75, but assume that the compressor has an efficiency of 82%, 
that both turbines have efficiencies of 87%, and that the regenerator efficiency is 
70%. 


a) From solution 11.54; = Tj 


^k-l 


p 


vP.y 


= 300(6)"-* = 500.8 K 


_w = _w = 

C 12 


Cpo(T 2 - Tj) = 1.004(500.8 - 300) = 201.6 kJ/kg 


-w^ = = 201.6/0.82 = 245.8 kJ/kg = w 


sc 'SC 


= Cpo(T4-TJ= 1.004(1600 -TJ 


T1 


1^= 1355.2 K 


Wg.pj = = 245.8/0.87 = 282.5 kJ/kg 


T1 'STl 


= Cpo(T4-T,,)= 1.004(1600-1,,) 


5S 


5S- 


1^5= 1318.6 K 


®5S 


P, = P/T 5 j,/T^)I<-i = 600(^^)’ "= 304.9 kPa 


b) = 100 kPa, 


T =T 

6S ^5 




p 




/ 


k ^ 

IJOO.ZI 3Q2^_9 




V 


0.286 


= 985.2K 


7 


WsT 2 = C^n(T,-T^,) = 1.004(1355.2- 985.2) = 371.5 kJ/kg 


PO^ 5 6S 


WT2 = ri 


ST2 ^ '''sT2 ^ X 371.5 = 323.2 kJ/kg 


323.2 = CpQ(T 5 -Tg) = 1.004(1355.2 -TJ ^ = 1033.3K 



in = W /w,„„ = 150/323.2 = 0.464 kg/s 

NET NET ® 

= 245.8 = Cpp(T 2 - Tj) = 1.004(T2 - 300) ^ T 2 = 544.8 K 

VT 2 T 3 - 544.8 

^REG b -b T -T 1033.3 -544.8 

6 2 6 2 

^ 13 = 886.8 K 

qjj = Cpp(T 4 - T 3 ) = 1.004(1600 - 886 . 8 ) = 716 kJ/kg 
^3,33 = W33p3,/q33 = 323.2/716 = 0.451 
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Consider a gas turbine eyele with two stages of eompression and two stages of 
expansion. The pressure ratio aeross eaeh eompressor stage and eaeh turbine stage 
is 8 to 1. The pressure at the entranee of the first eompressor is 100 kPa, the 

temperature entering eaeh eompressor is 20°C, and the temperature entering eaeh 

turbine is 1100°C. A regenerator is also ineorporated into the eyele and it has an 
effieieney of 70%. Determine the eompressor work, the turbine work, and the 
thermal effieieney of the eyele. 


See Fig. 11.23 for the eonfiguration. 

Pj = 100 kPa 

T =T =20°C, T =T =1100°C 

10 o o 

Assume eonstant speeifie heat 
s^ = Sj and s^ = s^ 


T = T = T 
4 2 1 


/T, ^k-l 


P 




= 293.15(8) 


0.286 _ 


= 531 K 



Total -w^ = 2 X (-Wj 2 ) = 2 Cpq(T2 - T^) = 2 x 1.004(531 - 293.15) = 477.6 kJ/kg 


Also s, = s., and s„ = s„: 

of 0 y 


X = T = T 

7 9 6 


ct. Ak-1 


P 


7 




A 


= 1373.15 


ri 

v8y 


0.286 


= 758 K 


Total w^ = 2 X w^^ = 2Cp^(T^ - T.,) = 2 x 1.004(1373.15 - 758) = 1235.2 kJ/kg 


67 


PO 


7 


Wj^P^ = 1235.2 - 477.6 = 757.6 kJ/kg 


Ideal regenerator: T = T„, T 


10 


T^ so the aetual one has 


"Ireg hg-h^ 


T -T 

_ U 

T -T 

9 4 


T^-531 
758 - 531 


= 0.7 


T =689.9 K 


= (h, - h,) + (h, - h,) = - T,) + - T,) 


8 


7 


PO^ 6 


PO^ 8 


7 


= 1.004(1373.15-689.9) + 1.004(1373.15-758)= 1303.6 kJ/kg 


Ti™ = = 757.6/1303.6 = 0.581 

‘TH NET 
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A gas turbine cycle has two stages of compression, with an intercooler between 
the stages. Air enters the first stage at 100 kPa, 300 K. The pressure ratio across 
each compressor stage is 5 to 1, and each stage has an isentropic efficiency of 
82%. Air exits the intercooler at 330 K. The maximum cycle temperature is 1500 
K, and the cycle has a single turbine stage with an isentropic efficiency of 86%. 
The cycle also includes a regenerator with an efficiency of 80%. Calculate the 
temperature at the exit of each compressor stage, the second-law efficiency of the 
turbine and the cycle thermal efficiency. 


State 1: P = 100 kPa, T, = 300 K State 7: P = P = 100 kPa 

1 ’1 7 o 

State 3: T= 330 K; State 6: T= 1500 K, P =P, 

3 6 ’64 

P 2 = 5Pi = 500kPa; P^ = 5 P 3 = 2500 kPa 
Ideal compression T^^ = T^ (P^/P^^= 475.4 K 
C^Law: q + h. = h^-t-w; q = 0 => 


Wci=h^-h2 = Cp(Ti-T2) 


w 


cl S 


= Cp(Ti - T^^) = -176.0 kJ/kg, w^^ = w^j J^ = -214.6 


T^ = Ti - w^/Cp = 513.9 K 

T^^ = T 3 (PyP 3 )^'^'^^/'" = 475.4 K 
wj2, = Cp(T3-TJ =-193.6 kJ/kg; 


4s 


w^2 ^ -236.1 kJ/kg 


T 4 = T 3 - w ^2 / Cp = 565.2 K 


Ideal Turbine (reversible and adiabatic) 

T,^ = Tg(P/p/'^-l)/k = 597.4 K => w.,^ = Cp(T,-TJ = 905.8 kJ/kg 


St 


1 Law Turbine: q -I- h^ = h.^ + w; q = 0 
Wt = h. - h = Cp(T. - TA = p 


w^.^ = 0.86 X 905.8 = 779.0 kJ/kg 


T 6 7 6 7 

T^ = Tg- w.^/Cp= 1500-779/1.004 = 723.7 K 

Tfi P6 

g = r. In • 


s, - s„ = Cp In:^ - R ln^= -0.1925 kJ/kg K 


7 


- v|/^ = (h^ - h.,) - T.^(s^ - s^) = 779.0 - 298.15(-0.1925) = 836.8 kJ/kg 




7 

W-p 


2nd Law 


V6-V7 


^7 


= 779.0/836.8 = 0.931 


d) hth = Ow / w 


H 


net ’ 


W 


net 


= w„ + w , + w, = 328.3 kJ/kg 


St 


T "cl c2 

1 Law Combustor: q + h. = h -l-w; w = 0 

= ^6 - ^5 = Cp(T, - ^ 3 ) 

T - T 

Regenerator: ^ = 0.8 -> T 3 = 692.1 K 




^th"" 
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A gasoline engine has a volumetrie eompression ratio of 9. The state before 
eompression is 290 K, 90 kPa, and the peak eyele temperature is 1800 K. Find the 
pressure after expansion, the eyele net work and the eyele effieieney using 
properties from Table A.7. 

Use table A.7 and interpolation. 

Compression 1 to 2: S 2 = Sj ^ From Eq.8.28 

0 = Sj 2 - Sjj - R ln(P 2 /Pi) = Sj 2 - - R ln(T 2 Vi/TiV 2 ) 


s ^2 - R ln(T 2 /Ti) = s^j + R ln(vi/v 2 ) = 6.83521 + 0.287 In 9 = 7.4658 

This beeomes trial and error so estimate first at 680 K and use A.7.1. 
LHSggo = V.7090 - 0.287 ln(680/290) = 7.4644 (too low) 

LHS 700 = 7.7401 - 0.287 ln(700/290) = 7.4872 (too high) 

Interpolate to get: T 2 = 681.23 K, U 2 = 497.9 kJ/kg 

P 2 = Pi (T 2 /T 1 ) (V 1 /V 2 ) = 90 (681.23 / 290) x 9 = 1902.7 kPa 


1 W 2 = Ui - U 2 = 207.2 - 497.9 = -290.7 kJ/kg 
Combustion 2 to 3: eonstant volume V 3 = V 2 

qjj = U 3 - U 2 = 1486.3 - 497.9 = 988.4 kJ/kg 
P 3 = P 2 (T 3 /T 2 ) = 1902.7 (1800/681.2) = 5028 kPa 


Expansion 3 to 4: S 4 = S 3 ^ From Eq.8.28 as before 

s °4 - R ln(T 4 /T 3 ) = s °3 + R In(v 3 /v 4 ) = 8.8352 + 0.287 ln(l/9) = 8.2046 

This becomes trial and error so estimate first at 850 K and use A.7.1. 
LHS 850 = 7.7090 - 0.287 ln(850/1800) = 8.1674 (too low) 

LHS 900 = 7.7401 - 0.287 ln(900/1800) = 8.2147 (too high) 


Interpolation ^ T 4 = 889.3 K, U 4 = 666 kJ/kg 

P 4 = P 3 (T 4 /T 3 )(v 3 /v 4 ) = 5028 (889.3/1800) (1/9) = 276 kPa 

3 W 4 = U 3 - U 4 = 1486.3 - 666.0 = 820.3 kJ/kg 

Net work and overall efficiency 

Wnet ^ 3 W 4 + 1 W 2 = 820.3 - 290.7 = 529,6 kJ/kg 


T] = Wi 4 gj/qjj = 529.6/988.4 = 0.536 
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The effect of a number of open feedwater heaters on the thermal efficiency of an 

ideal cycle is to be studied. Steam leaves the steam generator at 20 MPa, 600°C, 
and the cycle has a condenser pressure of 10 kPa. Determine the thermal 
efficiency for each of the following cases. A: No feedwater heater. B; One 
feedwater heater operating at 1 MPa. C: Two feedwater heaters, one operating at 
3 MPa and the other at 0.2 MPa. 


a) no feed water heater 

2 

Wp = J* vdP 
1 

« 0 . 00101(20000 - 10 ) 

= 20.2 kJ/kg 

h^ = hj + Wp = 191.8 + 20.2 = 212.0 
s^ = Sj = 6.5048 

= 0.6493 + X 4 X 7.5009 
X 4 = 0.78064 



h 4 = 191.83 + 0.780 64 x 2392.8 
= 2059.7 

w^ = h 3 - h^ = 3537.6 - 2059.7 
= 1477.9 kJ/kg 

Wj^ = W 3 . - Wp = 1477.9 - 20.2 = 1457.7 
q^ = h^-h^ = 3537.6 - 212.0 = 3325.6 



s 


_ _ 1457.7 

^TH" “3325.6 


0.438 


b) one feedwater heater 

Wpj2 = 0.00101(1000 - 10) 

= 1.0 kJ/kg 

h 2 = hj +Wpj 2 = 191.8+ 1.0= 192.8 

Wp 34 = 0.001127 (20000- 1000) 

= 21.4 kJ/kg 

h^ = h 3 + Wp 34 = 762.8 + 21.4 = 784.2 
s, = s, = 6.5048 

O D 

= 2.1387+ x^x 4.4478 

6 




X =0.9816 

O 

h. = 762.8 + 0.9816 x 2015.3 = 2741.1 

O 

CV: heater 

eonst: = nig + = 1.0 kg 

1 st law: m ,h, + m,h„ = m,h., 

6 6 2 2 3 3 

_ 762.8 - 192.8 
2741.1 - 192.8 


T 




CV: turbine 


0.7763, h.^ = 2059.7 ( = of part a) ) 

= (hg - hg) + m^Chg - h^) 


= (3537.6 - 2741.1) + 0.7763(2741.1 - 2059.7) = 1325.5 kJ/kg 
CV: pumps 

Wp = mjWpj2 + i^3Wp34 = 0.7763(1.0) + 1(21.4) = 22.2 kJ/kg 
= 1325.5 - 22.2 = 1303.3 kJ/kg 

CV: steam generator 

= = 3537.6 - 784.2 = 2753.4 kJ/kg 


= w^/qjj = 1303.3/2753.4 = 0.473 


e) two feedwater heaters 

wpi2 = 0.00101 X 


(200 - 10 ) 
= 0.2 kJ/kg 

2 ~ '''P12 ^1 

= 191.8 + 0.2 
= 192.0 


Wp34 = 0.00 1 061 X 


(3000 - 200) 
= 3.0 kJ/kg 


^4 ^3 ^ '''P34 


= 504.7 + 3.0 
= 507.7 






Wp5g = 0.001217(20000 - 3000) 


= 20.7 kJ/kg 


h = h, + = 1008.4 + 20.7 = 1029.1 

6 5 P56 

Sg = s.^ = 6.50481 Tg = 293.2 °C 


at P„ = 3 MPa 

o 


hg = 2974.8 


Sg = Sg = 6.5048 = 1.5301 + x 5.5970 


T 


600 °C 


80 MPa 



3 MPa 

0.2 MP 
10 kP 


x„ = 0.8888 => li„ = 504.7 + 0.888 x 2201.9 = 2461.8 kJ/kg 


CV: high pressure heater 


cont: rUj = + rUg = 1.0 kg ; 


_ 1008.4-507.7 
“ 2974.8 - 507.7 


= 0.2030 


1st law: m^h. = m.h. + m„h„ 

D ^ 4 4 o o 


= 0.7970 


CV: low pressure heater 


eont: rUg + ; 


1 st law: rtighg + rn^h^ = rn^h^ 


m^ = 


0.7970(504.7- 192.0) 
2461.8 - 192.0 


= 0.1098 


1112 = 0.7970-0.1098 = 0.6872 


CV: turbine 


w^ = (h^ - hj + (1 - mj(h, - hj + (1 - - m^)(\ - h, J 


7 


8 


8 ^^ 8 


8 


10 


= (3537.6 - 2974.8) + 0.797(2974.8 - 2461.8) 
+ 0.6872(2461.8 - 2059.7) = 1248.0 kJ/kg 


CV: pumps 


w=mw +mw +mw 
Wp iii^Wpj2 ^^^3 P34 5 P56 

= 0.6872(0.2) + 0.797(3.0) + 1(20.7) = 23.2 kJ/kg 
Wj^ = 1248.0 - 23.2 = 1224.8 kJ/kg 


CV: steam generator 


= h., - h^ = 3537.6 - 1029.1 = 2508.5 kJ/kg 


7 


= wjq„ = 1224.8/2508.5 = 0.488 


N 



11.164 


The power plant shown in Fig. 11.40 eombines a gas-turbine eyele and a steam- 
turbine eyele. The following data are known for the gas-turbine eyele. Air enters 

the compressor at 100 kPa, 25°C, the compressor pressure ratio is 14, and the 
isentropic compressor efficiency is 87%; the heater input rate is 60 MW; the 

turbine inlet temperature is 1250°C, the exhaust pressure is 100 kPa, and the 
isentropic turbine efficiency is 87%; the cycle exhaust temperature from the heat 

exchanger is 200°C. The following data are known for the steam-turbine cycle. 
The pump inlet state is saturated liquid at 10 kPa, the pump exit pressure is 12.5 
MPa, and the isentropic pump efficiency is 85%; turbine inlet temperature is 

500°C and the isentropic turbine efficiency is 87%. Determine 

a. The mass flow rate of air in the gas-turbine cycle. 

b. The mass flow rate of water in the steam cycle. 

c. The overall thermal efficiency of the combined cycle. 



a) From Air Tables, A.7: P^j = 1.0913, hj = 298.66, h^ = 475.84 kJ/kg 

s = s, ^ P = P .(PyP,) = 1-0913 X 14 = 15.2782 

2 1 r2S rl^ 2 F 


T 2 g = 629K, h 2 g = 634.48 
Wgc = hj - h 2 s ^ 298.66 - 634.48 = -335.82 kJ/kg 
''"c ^ ^ -335.82/0.87 = -386 = h^ - h^ ^ 

At T 3 = 1523.2 K: P ^3 = 515.493, h 3 = 1663.91 kJ/kg 


h, = 684.66 kJ/kg 







m 


AIR 


= Qjj/(h, - h,) 


60 000 


1663.91 -684.66 


= 61.27 kg/s 


Pr4s = P..(PyPJ = 515.493(1/14) = 36.8209 


r3^ 4 3 


=> = 791 K, = 812.68 kJ/kg 


4S 


Wg^ = h, - = 1663.91 - 812.68 = 851.23 kJ/kg 


4S 


w.p = rig.j, X Wg.j, = 0.87 X 851.23 = 740.57 = => = 923.34 kJ/kg 


Steam cycle: -w 


SP 


/-s-/ 


0.00101(12500 - 10) = 12.615 kJ/kg 


-Wp = - Wgp/rigp = 12.615/0.85 = 14.84 kJ/kg 


K = K-^t>= 191.83 + 14.84 = 206.67 kJ/kg 


At 12.5 MPa, 500 °C: = 3341.7 kJ/kg, = 6.4617 kJ/kg K 


7 


h4-ll5 


m 


923 34 - 475 84 


Sgg = s.^ = 6.4617 = 0.6492 + x^g x 7.501, x^g = 0.7749 
hgg = 191.81 + 0.7749 x 2392.8 = 2046.0 kJ/kg 


w 


ST 


= h.^ - = 3341.7 - 2046.0 = 1295.7 kJ/kg 


8S 


Wj = rig.p X Wg.p = 0.87 X 1295.7 = 1127.3 kJ/kg 


W 


NET 


m(w.p+w^) 


C^JAIR \ 


m(w.p+Wp)jjj^Q 


= 61.27(740.57 - 386.0) + 8.746(1127.3 - 14.84) 
= 21725 + 9730 = 31455 kW = 31.455 MW 


= W^p^/Qj^ = 31 .455/60 = 0.524 



11.165 


One means of improving the performanee of a refrigeration system that operates 
over a wide temperature range is to use a two-stage compressor. Consider an ideal 
refrigeration system of this type that uses R-12 as the working fluid, as shown in 

Fig. PI 1.165. Saturated liquid leaves the condenser at 40°C and is throttled to 

-20°C. The liquid and vapor at this temperature are separated, and the liquid is 

throttled to the evaporator temperature, -70°C. Vapor leaving the evaporator is 

compressed to the saturation pressure corresponding to -20°C, after which it is 
mixed with the vapor leaving the flash chamber. It may be assumed that both the 
flash chamber and the mixing chamber are well insulated to prevent heat transfer 
from the ambient. Vapor leaving the mixing chamber is compressed in the second 
stage of the compressor to the saturation pressure corresponding to the condenser 
temperature, 40°C. Determine 

a. The coefficient of performance of the system. 

b. The coefficient of performance of a simple ideal refrigeration cycle operating 
over the same condenser and evaporator ranges as those of the two-stage 
compressor unit studied in this problem. 


ROOM 



COMP. 
ST. 2 



SAT.VAP 

-20"c 




COMP. 
ST.l 




SAT.LIQ 

40^C 


0 SAT LIQ 

-20 C 


SAT.VAP 
-70®C 



-Q 


L 


SPACE 



R-12 refrigerator with 
2-stage compression 


CV: expansion valve, upper loop 

h^ = hj = 74.527 = 17.8 + X 2 x 160.81; x^ = 0.353 
m^ = x^m^ = x^m^ = 0.353 kg ( for mj=l kg) 
m^ = mj - m^ = 0.647 kg 

CV: expansion valve, lower loop 






= hg = 17.8 = -26.1 + x.^ X 181.64, = 0.242 

= m3(hg - = 0.647(155.536 - 17.8) 

qj^ = 89.1 kJ/kg-nij 

CV: 1st stage compressor 
Sg = Sg = 0.7744, 20 Oq = 0.1509 MPa 

^ Tg = 9T, lig= 196.3 kJ/kg 

CV: mixing chamber (assume constant pressure mixing) 

1st law: m,h„ + m-h, = m.h. 

6 9 3 3 1 4 

or = 0.647 x 196.3 + 0.353 x 178.61 = 190.06 kJ/kg 

h 4 ,P 4 = 0.1509 MPa ^ T 4 = -1.0°C, s^ = 0.7515 kJ/kg K 
CV: 2nd stage compressor P^ = 0.1509 MPa = P^ = P^ 

P. = P = 0.9607 MPa, s = s, ^ T = 70T, h, = 225.8 kJ/kg 

5 sat 40 C ’ 5 4 5 ’5 ® 

CV: condenser 

1st law: -qp 3 = = 74.527 - 225.8 = -151.27 kJ/kg 

p2 stage = 0L/(qH' ^l) = 89.1/(151.27 - 89.1) = 1.433 
b) 1 stage compression 


h^ = h^ = 74.53 kJ/kg 
hj = 155.54 kJ/kg 
q^^ = hj - h^ = 81.0 kJ/kg 


Sj = S 2 = 0.7744 
P, = 0.9607 MPa 


T, = 80.9 T, h, = 234.0 



qpj = hi - hg = 234.0 - 74.53 = 159.47 kJ/kg 
Pi stage = 9l/(9h - 9l) = 81.0/(159.47 - 81.0) = 1.032 



11.166 


A jet ejector, a device with no moving parts, functions as the equivalent of a 
coupled turbine-compressor unit (see Problems 9.82 and 9.90). Thus, the turbine- 
compressor in the dual-loop cycle of Fig. PI 1.109 could be replaced by a jet 
ejector. The primary stream of the jet ejector enters from the boiler, the secondary 
stream enters from the evaporator, and the discharge flows to the condenser. 
Alternatively, a jet ejector may be used with water as the working fluid. The 
purpose of the device is to chill water, usually for an air-conditioning system. In 
this application the physical setup is as shown in Fig. PI 1.116. Using the data 
given on the diagram, evaluate the performance of this cycle in terms of the ratio 




a. Assume an ideal cycle. 

b. Assume an ejector efficiency of 20% (see Problem 9.90). 



(from mixing streams 4 & 9). 

P 3 - P 4 - Pj - Pg - P 9 - PjQ - Pq 30 - 4.246 kPa 


Pii = P 2 = Pgi 50 °c = 475.8 kPa, 


P. = P, = P., = P„ ,„o„ = 1.2276 kPa 

1 O / U lU c 


Cont; 111 ^- 1-1119 = 1113 + riijo. 


m. = m, = m., + m, 

5 6 7 1 


m^ = mg = m9, 111^0 = 111^^ = 1112, 1113 = 1114 

a) ihj + m 2 = m 3 ; ideal jet ejector 

sJ = Sj & S2 = S2(1'&2' atP3 = P4) 

then, mj(hJ - h^) = m 2 (h 2 - h^) 















From §2 = = 0.4369 + x 8.0164; = 0.7985 

hi = 125.79 + 0.7985 x 2430.5 = 2066.5 kJ/kg 


From s; = Sj = 8.9008 ^ T; = 112°C, hj = 2710.4 kJ/kg 


. /. _ 2746.5 - 2066.5 

2710.4 -2519.8 


= 3.5677 


Also = 125.79 kJ/kg, = 42.01 kJ/kg, = 83.96 kJ/kg 


Mixing of streams 4 & 9 


5 & 10: 


(nij + m2)h^ + liiylig = (m^ + m^ + m2)lij ^ 


10 


Flash chamber (since h^ = h^) : (m^+mj)^ = jq ^ ^ ^ 7^1 


using the primary stream in = 1 kg/s: 


4.5677 X 125.79 + ih^ x 83.96 = (ih^ + 4.5677)h 


7 


& (ih^ + 3.5677)h, = 3.5677 x 2519.8 + in., x 42.01 


7 


Solving, ih^ = 202.627 & h^ = 84.88 kJ/kg 
LP pump: -w^pp = 0.0010(4.246 - 1.2276) = 0.003 kJ/kg 
hg = h^ - Wppp = 42.01 + 0.003 = 42.01 kJ/kg 


Chiller: = m 2 (hg-hg) = 202.627(83.96 - 42.01) = 8500 kW (forih^ 

HP pump: -Wj^p p = 0.001002(475.8 - 4.246) = 0.47 kJ/kg 
hjj = hjp - Wj^pp = 84.88 + 0.47 = 85.35 kJ/kg 

Boiler: - h^j) = 1(2746.5 - 85.35) = 2661.1 kW 

^ Ql/Qh = 8500/2661.1 = 3.194 

b) Jet eject, eff = (mj/m2)ACT^(mi/m2)ji3PAL = 0.20 

^ (ih/ih^)^^^ = 0.2 X 3.5677 = 0.7135 
using ih^ = 1 kg/s: 1.7135 x 125.79 + ih^ x 83.96 = (ih^ + 1.7135)hj 
& (ih^ + 0.7135)h5 = 0.7135 x 2519.8 + ih^ x 42.01 
Solving, ih^ = 39.762 & h^ = h^^ = 85.69 kJ/kg 



Then, = 39.762(83.96 - 42.01) = 1668 kW 
hjj = 85.69 + 0.47 = 86.16 kJ/kg 

= 1(2746.5 - 86.16) = 2660.3 kW 

& Ql^Qh = 1668/2660.3 = 0.627 



Problems solved using Table A.7.2 


11.79 

A gas turbine with air as the working fluid has two ideal turbine seetions, as 
shown in Fig. PI 1.79, the first of whieh drives the ideal eompressor, with the 
seeond producing the power output. The compressor input is at 290 K, 100 kPa, 
and the exit is at 450 kPa. A fraction of flow, x, bypasses the burner and the rest 

(1 - x) goes through the burner where 1200 kJ/kg is added by combustion. The 
two flows then mix before entering the first turbine and continue through the 
second turbine, with exhaust at 100 kPa. If the mixing should result in a 
temperature of 1000 K into the first turbine find the fraction x. Find the required 
pressure and temperature into the second turbine and its specific power output. 

C.V.Comp.: -w^^^h^-hj; = s^ 

Pr 2 = = 0.9899(450/100) = 4.4545, T^ = 445 K 

h^ = 446.74, -w^ = 446.74 - 290.43 = 156.3 kJ/kg 

C.V.Burner: h^ = h^ + = 446.74 + 1200 = 1646.74 kJ/kg 

^ T 3 = 1509 K 

C.V.Mixing chamber: (1 - x)h 3 + xh^ = hjyfjx ^ 1046.22 kJ/kg 

_ ^3 - Vix _ 1646.74 - 1046.22 _ 

^ h,-h, 1646.74-446.74 





= 156.3 =h3-h4 


h4= 1046.22- 156.3 = 889.9 ^ T^ = 861 K 


P 4 = (VPrMix)PMix = (51/91.65) X 450 = 250.4 kPa 


S4 = S5 ^ P^5 = P^4(P5/P4) = 51(100/250.4) = 20.367 
h3 = 688.2 T3 = 676K 
w^2 = h^ - hj = 889.9 - 688.2 = 201.7 kJ/kg 



11.81 


Repeat Problem 11.77 when the intereooler brings the air to = 320 K. The 

eorreeted formula for the optimal pressure is P 2 = [ P^P^ (T^/T^^ V 
Problem 9.184, where n is the exponent in the assumed polytropie proeess. 

Solution; 

The polytropie proeess has n = k (isentropie) so n/(n - 1) = 1.4/0.4 = 3.5 

P 2 = 400 V(320/29^ = 475.2 kPa 
C.V. Cl: S 2 = Sj ^ = = 

= 4.704 ^ T 2 = 452K, h 2 = 453.75 
-w^j = h^ - hj = 453.75 - 290.43 = 163.3 kJ/kg 
C.V. Cooler: = h^ - h 3 = 453.75 - 320.576 = 133.2 kJ/kg 

C.V. C2: S 4 = S 3 ^ P ^4 = P^ 3 (P 4 /P 3 ) = 1.3972(1600/475.2) = 4.704 

^ T 4 = T 2 = 452K, h 4 = 453.75 
-w ^2 = h^ - h 3 = 453.75 - 320.576 = 133.2 kJ/kg 



11.93 


Air flows into a gasoline engine at 95 kPa, 300 K. The air is then eompressed with 
a volumetrie eompression ratio of 8 :1. In the eombustion proeess 1300 kJ/kg of 
energy is released as the fuel burns. Find the temperature and pressure after 
eombustion using eold air properties. 

Solution: 

Solve the problem with variable heat eapaeity, use A.7.1 and A.7.2. 



Compression 1 to 2: S 2 = Sj 


From A.7.2 


\i 179.49 


^r2 8 


8 


= 22.436, 


= 673 K, m = 491.5 kJ/kg, P , = 20 


r2 


P 


r2 95 

P 2 = Pi X ^ = 20 X = 1705 kPa 


rl 


Compression 2 to 3: 


Uj = U 2 + qR = 491.5 + 1300 = 1791.5 kJ/kg 

T =2118K 


P, = P,x ( 13 / 12 )= 1705 X 


2118 

673 


= 5366 kPa 



11.94 


A gasoline engine has a volumetrie eompression ratio of 9. The state before 
eompression is 290 K, 90 kPa, and the peak eyele temperature is 1800 K. Find the 
pressure after expansion, the eyele net work and the eyele effieieney using 
properties from Table A.7. 

Use table A.7 and interpolation. 

Compression 1 to 2: = s^ ^ 

v^ 2 = 196.37/9 = 21.819 ^ T^ = 680 K, 20.784, U 2 = 496.94 

P 2 = Pi(Pr 2 /Pri) = (20.784 / 0.995) = 1880 kPa 

= Uj - u^ = 207.19 - 496.94 = -289.75 kJ/kg 
Combustion 2 to 3: 

= U 3 - U 2 = 1486.33 - 496.94 = 989.39 kJ/kg 
P 3 = P 2 (T 3 /T 2 ) = 1880 (1800 / 680) = 4976 kPa 
Expansion 3 to 4; 

s. = s, ^ V .= V ^ X 9 = 1.143 X 9 = 10.278 

4 3 r4 r3 

^ T 4 = 889K, P ^4 = 57.773, u^ = 665.8 kJ/kg 
P 4 = P 3 (PryPr 3 ) ^ ^976 (57.773 / 1051) = 273.5 kPa 
3 W^ = U 3 - u^ = 1486.33 - 665.8 = 820.5 kJ/kg 
''"net ^ 3'''4 \ ^2 ^ ^20.5 - 289.75 = 530.8 kJ/kg 

p = = 530.8/989.39 = 0.536 



11.100 


Answer the same three questions for the previous problem, but use variable heat 
eapaeities (use table A.7). 

A gasoline engine takes air in at 290 K, 90 kPa and then eompresses it. The 
eombustion adds 1000 kJ/kg to the air after whieh the temperature is 2050 K. Use 
the eold air properties (i.e. eonstant heat eapaeities at 300 K) and find the 
eompression ratio, the eompression speeifie work and the highest pressure in the 
eyele. 

Solution; 

Standard Otto eyele, solve using Table A.7.1 and Table A.7.2 
Combustion proeess: T 3 = 2050 K ; U 3 = 1725.7 kJ/kg 

U 2 = U 3 - qn = 1725.7 - 1000 = 725.7 kJ/kg 

^ T 2 = 960.5 K; Vr 2 = 8.2166 

Compression 1 to 2: S 2 = Sj ^ From the vr funetion 

V 1 /V 2 = v^i/Vj .2 = 195.36/8.2166 = 23,78 

Comment: This is mueh too high for an aetual Otto eyele. 

- 1 W 2 = U 2 - uj = 725.7 - 207.2 = 518.5 kJ/kg 

Highest pressure is after eombustion 

P3=P2T3/T2 = Pi(T3/Ti)(Vi/V3) 

= 90 X (2050 / 290) x 23.78 = 15 129 kPa 




11.103 


Repeat Problem 11.95, but assume variable specific heat. The ideal gas air tables, 
Table A.7, are recommended for this calculation (and the specific heat from Fig. 
5.10 at high temperature). 

Solution; 

Table A.7 is used with interpolation. 

Ti = 283.2 K, uj = 202.3 kJ/kg, v,i= 210.44 

Compression 1 to 2: S 2 = Sj ^ From definition of the function 

Vr 2 = Ai (V 2 /V 1 ) = 210.4 (1/7) = 30.063 
Interpolate to get: T 2 = 603.9 K, U 2 = 438.1 kJ/kg 

=> - 1 W 2 = U 2 - Uj = 235.8 kJ/kg, 

U 3 = 438.1 + 1800 = 2238.1 => T 3 = 2573.4 K, Vr 3 = 0.34118 

P 3 = 90 X 7 X 2573.4 / 283.2 = 5725 kPa 

Expansion 3 to 4; S 4 = S 3 ^ From the Vj. function as before 

^v4 ^ As ^ 0.34118 (7) = 2.3883 

Interpolation ^ T 4 = 1435.4 K, U 4 = 1145.8 kJ/kg 

3 W 4 = U 3 - U 4 = 2238.1 - 1145.8 = 1092.3 kJ/kg 

Net work, efficiency and mep 

^ w„gt = 3 W 4 + 1 W 2 = 1092.3 - 235.8 = 856.5 kJ/kg 

Pth ^ Wjjgt / qn = 856.5 / 1 800 = 0.476 

Vj = RTi/Pj = (0.287 X 283.2)/90 = 0.9029 m^/kg 

V 2 = (1/7) Vj = 0.1290 m^/kg 

Wnet 

Pmeff =-^ = 856.5 / (0.9029 - 0.129) = 1107 kPa 



11.110 


Do problem 11.106, but use the properties from A.7 and not the eold air 
properties. 

A diesel engine has a state before eompression of 95 kPa, 290 K, and a peak 
pressure of 6000 kPa, a maximum temperature of 2400 K. Find the volumetrie 
eompression ratio and the thermal efficieney. 

Solution: 

Compression: S 2 = Sj => From definition of the Pj. funetion 

Pr 2 = Pri (P 2 /P 1 ) = 0.9899 (6000/95) = 62.52 
A.7.1 => T 2 = 907K; h 2 = 941.0 kJ/kg; 

h 3 = 2755.8; = 0.43338 

qn = h 3 - h 2 = 2755.8 - 941.0 = 1814.8 kJ/kg 

CR = V 1 /V 2 = (Ti/T 2 )(P 2 /Pi) = (290/907) x (6000/ 95) = 20.19 
Expansion proeess 

Vr 4 = Vr 3 (V4 / V3) = ¥^3 (Vi / V3) = ¥^3 (¥1 / ¥2) X (T2/T3) 

= ¥,3 CR X (T 2 /T 3 ) = 0.43338 x 20.19 x (907/2400) = 3.30675 
Linear interpolation T 4 = 1294.8 K, U 4 = 1018.1 kJ/kg 
qp = U 4 - ui = 1018.1 -207.2 = 810.9 kJ/kg 

ri = 1 - (qL/ qn) = 1 - (810.9/1814.8) = 0.553 




11.118 


Do the previous problem 11.117 using values from Table A.7.1. and A.7.2 

Air in a piston/eylinder goes through a Carnot eyele in whieh Tl = 26.8°C and the 
total eyele effieieney is r] = 2/3. Find Tjj, the speeifie work and volume ratio in 
the adiabatie expansion. 

Solution; 

Carnot eyele effieieney Eq.7.5: 

ri = 1 - Tl/Th = 2/3 ^ Th = 3 X Tl = 3 X 300 = 900 K 
From A.7.1: U 3 = 674.82 kJ/kg, Vj 3 = 9.9169 

U 4 = 214.36 kJ/kg, Vj 4 = 179.49 

Energy equation with q = 0 

3 W 4 = U 3 - U 4 = 674.82 - 214.36 = 460.5 kJ/kg 

Entropy equation, eonstant s expressed with the v^ funetion 

V 4 /V 3 = v, 4 /vr 3 = 179.49 / 9.9169 = 18.1 
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11.167 

A steam power plant, as shown in Fig. 11.3, operating in a Rankine eyele has 

saturated vapor at 600 Ibf/in. leaving the boiler. The turbine exhausts to the 

eondenser operating at 2.225 Ibf/in. . Find the speeifie work and heat transfer in 
eaeh of the ideal eomponents and the eyele effieieney. 

Solution: 

For the eyele as given: 

1: hj = 97.97 Btu/lbm, v^ = 0.01625 ft^/lbm, 

3: h., = h = 1204.06 Btu/lbm, s^ = s = 1.4464 Btu/lbm R 

3 g ’ 3 g 

C.V. Pump Reversible and adiabatie. 

Energy: Wp = h 2 - hj ; Entropy: § 2=81 

sinee ineompressible it is easier to find work (positive in) as 
Wp = j V dP = Vj(P 2 - Pj) = 0.01625(600 - 2.2)^^ = 1,8 Btu/lbm 

h^ = hj + Wp = 97.97 + 1.8 = 99.77 Btu/lbm 
C.V. Boiler: = h 3 - h^ = 1204.06 - 99.77 = 1104,3 Btu/lbm 

C.V. Tubine: w^ = h^ - h^, s^ = s^ 

S 4 = S 3 = 1.4464 = 0.1817+ X 4 X 1.7292 => X 4 = 0.7314, 
h^ = 97.97 + 0.7314 x 1019.78 = 843.84 Btu/lbm 
W 3 . = 1204.06 - 843.84 = 360,22 Btu/lbm 

ricYCLE ^ ^ (360.22 - 1.8)/1104.3 = 0,325 

C.V. Condenser: = h^ - h^ = 843.84 - 97.97 = 745,9 Btu/lbm 


Boiler 



Turbine 



W 


T 


Condenserj 



Q 


k T 
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11.168 

Consider a solar-energy-powered ideal Rankine eyele that uses water as the 
working fluid. Saturated vapor leaves the solar eolleetor at 350 F, and the 

o 

eondenser pressure is 0.95 Ibf/in. . Determine the thermal effieieney of this eyele. 

FI^O ideal Rankine eyele 
CV: turbine 

State 3: Table F.7.1 h 2 = 1193.1 Btu/lbm, s^ = 1.5793 Btu/lbm R 
S 4 = S 3 = 1.5793 = 0.1296 + x 1.8526 => x^ = 0.7825 

h^ = 68.04 + 0.7825 x 1036.98 = 879.5 Btu/lbm 

W 3 , = h 3 - h^ = 1193.1 - 879.5 = 313.6 Btu/lbm 

Wp = j vdP « Vj(P 2 - Pj) = 0.01613(134.54 - 0.95) 0.4 Btu/lbm 

^ w,„.^ = w„ - w„ = 313.6 - 0.4 = 313.2 Btu/lbm 

NET T P 

h^ = hj + Wp = 68.04 + 0.4 = 68.44 Btu/lbm 
qjj = h 3 - h^ = 1193.1 - 68.44 = 1124.7 Btu/lbm 
113,33 313.2/1124.7 = 0,278 
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.169 

A Rankine cycle uses ammonia as the working substance and powered by solar 
energy. It heats the ammonia to 320 F at 800 psia in the boiler/superheater. The 
condenser is water cooled, and the exit is kept at 70 F. Find (T, P, and x if 
applicable) for all four states in the eyele. 

NFIj ideal Rankine eyele 

State 1: Table F.8.1, T = 70 F, x = 0, = 128.85 psia, 

hj = 120.21 Btu/lbm, = 0.2631 ft^/lbm 

CV Pump: 

Wp = h 2 -hj vdP^VjCP^-Pj) = 0.02631(800- 128.85)^ 

= 3.27 Btu/lbm 

h^ = hj + Wp = 120.21 + 3.27 = 123.48 Btu/lbm = h^ => T^ = 72.8 F 

[we need the eomputer software to do better (P^, s^ = Sj) ] 

State 3: 320 F, 800 psia : superheated vapor, s^ = 1.1915 Btu/lbm 
CV: turbine 

S 4 = S 3 = 1.1915 = 0.2529+ X 4 X 0.9589 => x^ = 0.9788 

P 4 = Pj = 128.85 psia, T 4 = Tj = 70F 


% 



k T 
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11.170 

A supply of geothermal hot water is to be used as the energy souree in an ideal 
Rankine eyele, with R-134a as the eyele working fluid. Saturated vapor R-134a 
leaves the boiler at a temperature of 180 F, and the eondenser temperature is 100 
F. Caleulate the thermal effieieney of this eyele. 


Solution: 

CV: Pump (use R-134a Table F.IO) 

Pj = 138.93 psia, P^ = Pg = 400.4 psia 

h^ = 184.36 Btu/lbm, s^ = 0.402 Btu/lbm R 

hj = 108.86 Btu/lbm, v^ = 0.01387 ftMbm 

2 

Wp = h 2 - hj = J* vdP w Vi(P 2 -Pi) 

1 

= 0.01387(400.4 - 138.93) ^ = 0.671 Btu/lbm 
h^ = hj + Wp = 108.86 + 0.671 = 109.53 Btu/lbm 

CV: Boiler 

qR = hs - hi = 184.36 - 109.53 = 74.83 Btu/lbm 
CV: Turbine 

S 4 = S 3 = 0.402 ^ X 4 = (0.402 - 0.2819)/0.1272 = 0.9442 
h^ = 176.08 Btu/lbm, 

Energy Eq.: w^ = h 3 - h^ = 8.276 Btu/lbm 

Wnet = Wj - Wp = 8.276 - 0.671 = 7.605 Btu/lbm 
tIrr = Wj.,fET / Or = 7.605/74.83 = 0,102 
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11.171 

Do Problem 11.170 with R-22 as the working fluid. 

Standard Rankine eyele with properties from the R-22 tables, 

hj = 39.267 Btu/lbm, = 0.01404 ft^/lbm, = 210.6 psia, 

P^ = P 3 = 554.8 psia, h^ = 110.07 Btu/lbm, s^ = 0.1913 Btu/lbm R 

CV: Pump Wp = Vj(P 2 -Pj) = 0.01404 (554.8-210.6)^^ = 0.894 Btu/lbm 

h^ = hj + Wp = 39.267 + 0.894 = 40.16 Btu/lbm 
CV: Turbine s^ = s^ 

^ X 4 = (0.1913 - 0.07942)/0.13014 = 0.9442 
h^ = 101.885 Btu/lbm, w.p = h^ - h^ = 8.185 Btu/lbm 
CV: Boiler 

qn = hs - hi = 110.07 - 40.16 = 69.91 Btu/lbm 

= (w^ - Wp)/qj^ = (8.185 - 0.894)/157.21 = 0.104 
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11.172 

A smaller power plant produces 50 Ibm/s steam at 400 psia, 1100 F, in the boiler. 
It cools the condenser with ocean water coming in at 55 F and returned at 60 F so 
that the condenser exit is at 110 F. Find the net power output and the required 
mass flow rate of the ocean water. 

Solution: 

The states properties from Tables F.7.1 and F.7.2 

1:110F, x = 0: hj = 78.01 Btu/lbm, vj = 0.01617 ft^/lbm, Pg^t 1-28 psia 

3: 400 psia, 1100 F: h 3 = 1577.44 Btu/lbm, S 3 = 1.7989 Btu/lbm R 

C.V. Pump Reversible and adiabatic. 

Energy: Wp = h 2 - hj ; Entropy: S 2 = 

since incompressible it is easier to find work (positive in) as 
Wp = jvdP = vi (P 2 -Pi) = 0.01617 (400 - 1.3)^= 1.19 Btu/lbm 

C.V. Turbine :wj= h 3 - h 4 ; S 4 = S 3 

S 4 = S 3 = 1.7989 = 0.1473 + X 4 (1.8101) => X 4 = 0.9124 

=> h 4 = 78.01 + 0.9124 (1031.28) = 1018.95 Btu/lbm 
Wt = 1577.44 - 1018.95 = 558.5 Btu/lbm 

Wnet = m(wT- Wp) = 50 (558.5 - 1.19) = 27 866 Btu/s 
C.V. Condenser : = h 4 - hi = 1018.95 - 78.01 = 940.94 Btu/lbm 

Ql = inqL = 50 X 940.94 = 47 047 Btu/s = liiocean Cp AT 

ihocean = Ql / Cp AT = 47 047 / (1.0 x 5) = 9409 Ibm/s 


Boiler 


Turbine 



k T 
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11.173 

The power plant in Problem 11.167 is modified to have a superheater seetion 

following the boiler so the steam leaves the super heater at 600 Ibf/in. , 700 F. 
Find the speeifie work and heat transfer in eaeh of the ideal components and the 
cycle efficiency. 

Solution: 

For this cycle from Table F.7 

State 3: Superheated vapor h^ = 1350.62 Btu/lbm, s^ = 1.5871 Btu/lbm R, 

State 1: Saturated liquid h^ = 97.97 Btu/lbm, v^ = 0.01625 ft^/lbm 
C.V. Pump: Adiabatic and reversible. Use incompressible fluid so 

Wp = /v dP = VjCP^ - Pj) = 0.01625(600 - 2.2)^^ = 1,8 Btu/lbm 
h^ = hj + Wp = 95.81 Btu/lbm 

C.V. Boiler: = h 3 - h^ = 1350.62 - 97.97 = 1252.65 Btu/lbm 

C.V. Tubine: w^, = h^ - h^, s^ = s^ 

S 4 = S 3 = 1.5871 Btu/lbm R= 0.1817 + 1.7292 ^ X 4 = 0.8127, 

h^ = 97.97 + 0.8127 x 1019.78 = 926.75 Btu/lbm 
W 3 , = 1350.62 - 926.75 = 423.87 Btu/lbm 

ricYCLE ^ ■ WpVqn = (423.87 - 1.8)/1252.65 = 0.337 

C.V. Condenser: 

q^ = h^-\ = 926.75 - 97.97 = 828.8 Btu/lbm 
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11.174 

Consider a simple ideal Rankine cyele using water at a supereritical pressure. 
Sueh a eycle has a potential advantage of minimizing local temperature 
differences between the fluids in the steam generator, such as the instance in 
which the high-temperature energy source is the hot exhaust gas from a gas- 
turbine engine. Calculate the thermal efficiency of the cycle if the state entering 

the turbine is 8000 Ibf/in.^, 1300 F, and the condenser pressure is 0.95 Ibf/in.^. 
What is the steam quality at the turbine exit? 


Solution: 

For the efficiency we need the net work and steam generator heat transfer. 
State 1: Sj = 0.1296 Btu/lbm R, hj = 68.04 Btu/lbm 

State 3: h 3 = 1547.5 Btu/lbm, s^ = 1.4718 Btu/lbm R 

C.V. Pump. For this high exit pressure we use Table F.7.3 to get state 2. 
Entropy Eq.: §2 = Sj => h 2 = 91.69 Btu/lbm 

Wp = h 2 - hj = 91.69 - 68.04 = 23.65 Btu/lbm 

C.V. Turbine. Assume reversible and adiabatic. 

Entropy Eq.: s^ = s^ = 1.4718 = 0.1296 + x^xl.8526 

x^ = 0.7245 Very low for a turbine exhaust 

= 68.04 + X 4 X 1036.98 = 751.29 Btu/lbm, 

Wt = hg - h 4 = 796.2 Btu/lbm 

Steam generator: Oh ^ ^3 - h 2 = 1547.5 - 91.69 = 1455.8 Btu/lbm 

Wnet = Wj - Wp = 796.2 - 23.65 = 772.6 Btu/lbm 
T] = w^Ej/qjj = 772.6 / 1455.8 = 0.53 


P 
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11.175 

Consider an ideal steam reheat eyele in whieh the steam enters the high-pressure 

turbine at 600 Ibf/in.^, 700 F, and then expands to 150 Ibf/in.^. It is then reheated 

to 700 F and expands to 2.225 Ibf/in.^ in the low-pressure turbine. Caleulate the 
thermal effieieney of the eyele and the moisture eontent of the steam leaving the 
low-pressure turbine. 

Solution: 

Basie Rankine eyele with a reheat seetion. For this eyele from Table F.7 
State 3: Superheated vapor h^ = 1350.62 Btu/lbm, s^ = 1.5871 Btu/lbm R, 

State 1: Saturated liquid hj = 97.97 Btu/lbm, v^ = 0.01625 ft^/lbm 
C.V. Pump: Adiabatie and reversible. Use ineompressible fluid so 


Wp = /v dP = VjCP^ - Pj) 


144 


0.01625(600-2.2):^= 1.8 Btu/lbm 


h^ = hj + Wp = 95.81 Btu/lbm 


C.V. Tubine 1: 


Wti h^ - h^, 



S4 Sj 


S 4 = Sg = 1.5871 Btu/lbm R => h^ = 1208.93 Btu/lbm 
w^j = 1350.62 - 1208.93 = 141.69 Btu/lbm 


C.V. Tubine 2: 


Wt 2 h. - h,, 


^6 = ^5 


State 5: h, = 1376.55 Btu/lbm, S 5 = 1.7568 Btu/lbm R 


State 6 : 


s=s= 1.7568 = 0.1817+ x^x 1.7292 => x= 0.9109 

O D O O 

K = 97.97 + 0.9109 x 1019.78 = 1026.89 Btu/lbm 
6 


w ^2 = 1376.55 - 1026.89 = 349.66 Btu/lbm 



Wxtot WTI + WT 2 = 141.69 + 349.66 = 491.35 Btu/lbm 
C.V. Boiler: = h 3 - h^ = 1350.62 - 97.97 = 1252.65 Btu/lbm 

+ hj - h^ = 1252.65 + 1376.55 - 1208.93 = 1420.3 Btu/lbm 

'^CYCLE ^ ('^T.tot ■ ’^pVOh = (491.35 - 1.8)/1420.3 = 0.345 
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11.176 


Consider an ideal steam regenerative eyele in whieh steam enters the turbine at 

600 Ibf/in.^, 700 F, and exhausts to the condenser at 2.225 Ibf/in.^. Steam is 

extracted from the turbine at 150 Ibf/in.^ for an open feedwater heater. The 
feedwater leaves the heater as saturated liquid. The appropriate pumps are used 
for the water leaving the condenser and the feedwater heater. Calculate the 
thermal efficiency of the cycle and the net work per pound-mass of steam. 


From Table F.7.2 
hg = 1350.62 Btu/lbm, 
Sj = 1.5871 Btu/lbm R 
\ = 97.97 Btu/lbm, 

Vj = 0.01625 ft^/lbm 
Interpolate to get 
hj = 330.67 Btu/lbm, 

V 3 = 0.01809 ft^/lbm 



C.V. Pumpl: 



pj2 = 0.01625(150-2.2):^ 

= 0.44 Btu/lbm = h^ - h^ 
h^ = hj + Wpj 2 = 98.41 Btu/lbm 


C.V. Pump2: 



w 


P34 


0.01809(600 - 150)144/778 = 1.507 Btu/lbm 
h^ = h^ + Wp 3 ^ = 332.18 Btu/lbm 


C.V. Turbine (high pressure section) 


2 nd law: 


s, = s. = 1.5871 Btu/lbm R => 

O J 


h, = 1208.93 Btu/lbm 

O 


• • 

CV: feedwater heater, call the extraction fraction y = m,/m 


_ • • • _ _ • • • 

Continuity Eq.: + m^, Energy Eq.: = m^h 


2 2 


3 3 


y 6^6 + ^ ^ 


6 ^ 2 


= (K - \yiK - K) 


y^ = (330.67 - 98.41)/(1208.93 - 98.41) = 0.2091 
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CV: Turbine from 5 to 7 

8 ^ = 85 ^ = (1.5871 - 0.1817)/!.7292 = 0.8127 

\ = 97.97 + 0.8127 x 1019.78 = 926.75 Btu/lbm 

= (hj - hg) + ( 1 • - yg)(hg - h^) 

= (1350.62 - 1208.93) + 0.7909(1208.93 - 926.75) = 364.87 Btu/lbm 
CV: pump 8 

Wp = (1 - y 5 )Wpj 2 + Wp 24 = 0.7909 X 0.44 + 1 x 1.507 = 1.855 Btu/lbm 
= w„ - w„ = 364.87 - 1.855 = 363.0 Btu/lbm 

NET T P 

CV: 8 team generator 

qjj = h 5 -h 4 = 1350.62-332.18= 1018.44 Btu/lbm 
= Wj.^p.p/qj^ = 363/1018.44 = 0,356 
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11.177 


A closed feedwater heater in a regenerative steam power cycle heats 40 Ibm/s of 

water from 200 F, 2000 Ibf/in.^ to 450 F, 2000 Ibf/in.^. The extraction steam from 

the turbine enters the heater at 600 Ibf/in.^, 550 F and leaves as saturated liquid. 
What is the required mass flow rate of the extraction steam? 



From the steam tables F.7: 
F.7.3: h 2 = 172.6 Btu/lbm 

F.7.3: h 4 = 431.13 Btu/lbm 

F.7.2: h6= 1255.36 Btu/lbm 

Interpolate for this state 
F.7.1: hgjj^ 471.56 Btu/lbm 


_ _ • • • • 

Energy Eq.: ^ 2^2 ^ ^ 2^4 + ^^6^6 


a 


Since all four state are known we can solve for the extraction flow rate 


m 


. h2-h4 

hga - he 


= 40 


172.6-431.13 
471.56- 1255.36 


= 13.2 


Ibm 
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11.178 

A steam power eyele has a high pressure of 600 Ibf/in.^ and a eondenser exit 
temperature of 110 F. The turbine effieieney is 85%, and other eyele eomponents 
are ideal. If the boiler superheats to 1400 F, find the eyele thermal effieieney. 

State 3: h 2 = 1739.51 Btu/lbm, s^ = 1.8497 Btu/lbm R 

State 1: h^ = 78.01 Btu/lbm, = 0.01617 ft^/lbm 

C.V. Pump; Wp = /vdP w Vj(P 2 - P^) = h^ - h^ 

= 0.01617(600 - 1.28) 144/778 = 1.79 Btu/lbm 
h 2 = hj +Wp = 78.01 + 1.79 = 79.8 Btu/lbm 
C.V. Turb.. w.p - h^ - h^, - s^ + 

Ideal: s^g ^ ^3 ^ 1.8497 Btu/lbm R = 0.1473 + x^g 1.8101 
=> x^g = 0.9405, h^g = 78.01 + x^g 1031.28 = 1047.93 Btu/lbm 
=> w^= 1739.51 - 1047.93 = 691.58 Btu/lbm 

i ,0 

Aetual: = r] x Wp g = 0.85 x 691.58 = 587.8 Btu/lbm 

C.V. Boiler: = h 3 - h^ = 1739.51 - 79.8 = 1659.7 Btu/lbm 

p = (Wp^^ - Wp)/qj 3 = (587.8 - 1.79)/1659.7 = 0.353 
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11.179 

The steam power eyele in Problem 11.167 has an isentropic effieieney of the 
turbine of 85% and that for the pump it is 80%. Find the eyele effieieney and the 
speeifie work and heat transfer in the components. 

States numbered as in fig 11.3 of text. 

CV Pump; Wp ^ = vi(P 2 - Pi) = 0.01625(600 - 2.2)144/778 = 1.8 Btu/lbm 

^ Wp AC ^ 1.8/0.8 = 2,245 Btu/lbm 

h^ = hj + Wp AC ^ 97.97 + 2.245 = 100.2 Btu/lbm 
CV Turbine: w.^ g = h^ - h^^, s^ = s^ = 1.4464 Btu/lbm R 

S 4 = S 3 = 1.4464 = 0.1817+ X 4 X 1.7292 => X 4 = 0.7314, 
h^ = 97.97 + 0.7314 x 1019.78 = 843.84 Btu/lbm 
^ w^ = 1204.06 - 843.84 = 360.22 Btu/lbm 

1 ,0 

''"t AC ^ ^3 ’ ^4AC ^ 360.22 X 0.85 = 306.2 
^ ^ 4 AC ^ 897.86 Btu/lbm (still two-phase) 

CV Boiler: = h 3 - h^ = 1204.06 - 100.2 = 1103.9 Btu/lbm 

9l ^ Vc ■ ^1 ^ ^ Btu/lbm 

Pcycle = ■ Wp)/qH = (306.2 - 2.245)/l 103.9 = 0.275 

Compared to (360.22-1.8)/! 104.3 = 0.325 in the ideal case. 


Boiler 


Turbine 




state 2 s and 2ac nearly the 


same 
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11.180 


Steam leaves a power plant steam generator at 500 Ibf/in.^, 650 F, and enters the 

turbine at 490 Ibf/in.^, 625 F. The isentropie turbine effieieney is 88 %, and the 

turbine exhaust pressure is 1.7 Ibf/in.^. Condensate leaves the eondenser and 

enters the pump at 110 F, 1.7 Ibf/in.^. The isentropie pump effieieney is 80%, and 

the diseharge pressure is 520 Ibf/in.^. The feedwater enters the steam generator at 

510 Ibf/in.^, 100 F. Caleulate the thermal effieieney of the eyele and the entropy 
generation of the flow in the line between the steam generator exit and the turbine 
inlet, assuming an ambient temperature of 77 F. 



5 op psia 

490 psia 

-- 650 



F 


625 F 


C 1.7 psia 


rig.j, = 0 . 88 , rigp = 0.80 

\ = 1328.0, h^ = 1314.0 Btu/lbm 


S 3 S = S 2 = 1.5752 = 0.16483 + XsgXl.7686 => x^g = 0.79745 

h 3 g = 88.1 + 0.797 45x1025.4 = 905.8 Btu/lbm 
WgT ^ ^2 - h 3 g = 1314.0 - 905.8 = 408.2 Btu/lbm 
w... = ri„..,w„„ = 0.88x408.2 = 359.2 Btu/lbm 


T 


ST ST 


h 3 = h 2 - W 3 , = 1314.0 - 359.2 = 954.8 Btu/lbm 

144 

Wgp = 0.016166(520-1.7):^:^= 1.55 Btu/lbm 
w = w„p/ri„p = 1.55/0.80 = 1.94 Btu/lbm 

P 'Or 

= hj - hg = 1328.0 - 68.1 = 1259.9 Btu/lbm 
= w^p/q^^ = (359.2 - 1.94)/1259.9 = 0.284 


C.V. Line from 1 to 2: 


w = 0 , 


Energy Eq.: q = h 2 - hj = 1314 - 1328 = -14 Btu/lbm 


Entropy Eq.; Si + Sgen + q/To = S 2 


=> 


Sgen = S 2 - Si -q/To = 1.5752 - 1.586 - (-14/536.7) = 0.0153 Btu/lbm R 
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11.181 


A boiler delivers steam at 1500 Ibf/in.^, 1000 F to a two-stage turbine as shown in 

Fig. 11.17. After the first stage, 25% of the steam is extraeted at 200 Ibf/in.^ for a 

proeess applieation and returned at 150 Ibf/in.^, 190 F to the feedwater line. The 
remainder of the steam eontinues through the low-pressure turbine stage, whieh 

exhausts to the eondenser at 2.225 Ibf/in.^. One pump brings the feedwater to 150 

lbf/in.2 and a seeond pump brings it to 1500 Ibf/in.^. Assume the first and seeond 
stages in the steam turbine have isentropie effieieneies of 85% and 80% and that 
both pumps are ideal. If the proeess applieation requires 5000 Btu/s of power, 
how mueh power ean then be eogenerated by the turbine? 


3: h^ = 1490.32, s^ = 1.6001 Btu/lbmR 
C.V. Turbine T1 

4s: Rev and adiabatie s^g = s^ ^ 

Table F.7.2 Sup. vapor 
h^g = 1246.6 Btu/lbm 

w.pj s ^ ^3 ’ ^ 4 S ^ 243.7 Btu/lbm 
^ Wti = 207.15 Btu/lbm 

Vc = h3-^Ti,AC= 1283.16 

4ae: P^, h^^^ 

^ ®4AC 1 -6384 Btu/lbm R 



5s: 


o = o 

5S 4AC 


1.6384-0.1817 
^5S 1.7292 0.8424 


hgg = 97.97 + x^g 1019.78 = 957.03 Btu/lbm 


Wt 2 g = h^^j 2 ■ hjg = 326.13 Btu/lbm 
'''t2,ac “ 260.9 - h^^^ - hj^j2 


hj^j 2 ^ 1022.3 Btu/lbm 


7: Compressed liquid use sat. liq. same T: h^ = 158.02 Btu/lbm; 


C.V. proeess unit. Assume no work only heat out. 
^PROC "" 1^4AC - hy = 1125.1 Btu/lbm 


^ Q^OpRoc ^ 5000/1125.1 = 4.444 Ibm/s = 0.25 

=> m.j,Q.j, = ni 3 = 17.776 Ibm/s, ih^ = rh^ - rh^ = 13.332 Ibm/s 
C.V. Total turbine 



- in 4 h 4 ^c - = 7160 Btu/s 














Sonntag, Borgnakke and van Wylen 


Brayton Cycles 
11.182 

A large stationary Brayton cycle gas-turbine power plant delivers a power output 
of 100 000 hp to an electric generator. The minimum temperature in the cycle is 
540 R, and the maximum temperature is 2900 R. The minimum pressure in the 
cycle is 1 atm, and the compressor pressure ratio is 14 to 1. Calculate the power 
output of the turbine, the fraction of the turbine output required to drive the 
compressor and the thermal efficiency of the cycle? 

Brayton: 

= 100 000 hp 

Pj = 1 atm, Tj = 540 R 
P^/Pj = 14, T 3 = 2900 R 

Solve using constant Cp^ 

Compression in compressor: §2 = Sj ^ Implemented in Eq.8.32 

^T 2 = Ti(^)‘" =540(14)™= 1148.6 R 

w^ = h^ - hj = CppCT^-Tj) = 0.24 (1148.6 - 540) = 146.1 Btu/lbm 
Expansion in turbine: S 4 = S 3 ^ Implemented in Eq.8.32 

T 4 = T 3 (^) = 2900(^)°'^^'^ = 1363.3 R 

w^ = h 3 - h^ = Cpq(T 3 -T 4 ) = 0.24(2900 - 1363.3) = 368.8 Btu/lbm 
w^P^. = W 3 , - W (3 = 368.8 - 146.1 = 222.7 Btu/lbm 

m = = 100 000x2544/222.7 = 1 142 344 Ibm/h 

NET NET 

W 3 , = mw^, = 165 600 hp, w^^/w^, = 0,396 

Energy input is from the combustor 

qjj = Cpp(T 3 - T^) = 0.24(2900 - 1148.6) = 420.3 Btu/lbm 
^3,33 = Wj4p3,/q33 = 222.7/420.3 = 0.530 
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11.183 

A Brayton cycle produces 14 000 Btu/s with an inlet state of 60 F, 14.7 psia, and 
a compression ratio of 16:1. The heat added in the eombustion is 400 Btu/lbm. 
What are the highest temperature and the mass flow rate of air, assuming eold air 
properties? 

Solution: 

Effieieney is from Eq. 11.8 




^net ^net 


Qh 


Oh 


= 1 . 16 =0.547 


-0.4/1.4 


P 


from the required power we ean find the needed heat transfer 

14 000 

Qh = Wnet / ri = Q = 25 594 Btu/s 


m= QH/qH = 


25 594 Btu/s 
400 Btu/lbm 


= 63.99 Ibm/s 


Temperature after eompression is 


T2 = Ti = 520 X = 1148 R 

z, ^ P 


The highest temperature is after eombustion 


T 3 - T 2 + qn/Cp -1148 + ^ 24 


400 


= 2815R 
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11.184 


Do the previous problem with properties from table F.5 instead of eold air 
properties. 

Solution: 

With the variable speeifie heat we must go through the processes one by 
one to get net work and the highest temperature T3. 


From F.5: 


o 


hj = 124.38 btu/lbm, Srj.j = 1.63074 Btu/lbm R 


The compression is reversible and adiabatic so constant s. From Eq.8.28 


1 


o 

®T2 ~ ® 


o P2 53 34 

" j + R In (^) = 1.63074 + lnl 6 


= 1.82083 Btu/lbm R 


back interpolate in F.5 


T 2 = 1133.5 R, hj = 274.58 Btu/lbm 


Energy equation with compressor work in 

Wc = - 1 W 2 = h 2 - hj = 274.58 - 124.383 = 150.2 Btu/lbm 
Energy Eq. combustor: h 3 = h 2 + qn = 274.58 + 400 = 674.6 Btu/lbm 

State 3: (P, h): 13 = 2600 R, s °3 = 2.04523 Btu/lbm R 

The expansion is reversible and adiabatic so constant s. From Eq.8.28 


s °4 = s °3 + Rln(P 4 /P 3 ) = 2.04523 + ln(l/16) = 1.85514 


S .1 = s 


^ T 4 = 1297 R, h 4 = 316.21 Btu/lbm 
Energy equation with turbine work out 

Wj = h 3 - h 4 = 674.6 - 316.21 = 358.4 Btu/lbm 
Now the net work is 

Wnet = Wj - W (3 = 358.4 - 150.2 = 208.2 Btu/lbm 
The total required power requires a mass flow rate as 



14 000 Btu/s 
208.2 Btu/lbm 


= 67.2 Ibm/s 
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11.185 

An ideal regenerator is ineorporated into the ideal air-standard Brayton eyele of 
Problem 11.182. Caleulate the eyele thermal effieieney with this modifieation. 

Solution: 



Compression ratio 

P2 


P 


= 14 


1 


Max temperature 
T 3 = 2900 R 


The eompression is reversible and adiabatie so eonstant s. From Eq.8.32 

^T 2 = Ti(^)‘" =540(14)™= 1148.6 R 

Wc = h 2 - hi = CppCT^-Ti) = 0.24 (1148.6 - 540) = 146.1 Btu/lbm 
Expansion in turbine: S 4 = S 3 ^ Implemented in Eq.8.32 

T 4 = T 3 (^) = 2900(^)°'^^'^ = 1363.3 R 

= h 3 - h^ = Cpii(T 3 -T 4 ) = 0.24(2900 - 1363.3) = 368.8 Btu/lbm 
w,,™ = w„ - w„ = 368.8 - 146.1 = 222.7 Btu/lbm 

NET T C 

Ideal regenerator: = 1363.3 R 

qR = hs - h^ = 0.24(2900 - 1363.3) = 368.8 Btu/lbm = wy 
tIrr = WRR 3 ,/qR = 222.7/368.8 = 0.604 
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11.186 

An air-standard Ericsson cycle has an ideal regenerator as shown in Fig. PI 1.62. 
Heat is supplied at 1800 F and heat is rejected at 68 F. Pressure at the beginning 

of the isothermal compression process is 10 Ibf/in.^. The heat added is 275 
Btu/lbm. Find the eompressor work, the turbine work, and the eycle efficiency. 


Identify the states 

Heat supplied at high temperature 

Heat rejected at low temperature 
Beginning of the compression: 
Ideal regenerator: 2^3 ^ ' 4^1 


14 = 13 = 1800 F = 2349.7 R 
Tj = = 68 F = 527.7 R 

Pj = 10 Ibf/in^ 

^ ‘Ir “ 3*^4 ^ 


W 3 , = = 275 Btu/lbm 

^TH “ ^CARNOT TH. ~ ^ ~ ~ ^ ' 527.7/2349.7 - 0.775 

Wnet = = 0.775 X 275 = 213.13 Btu/lbm 

qu = -Wc = 275 - 213.13 = 61.88 Btu/lbm 



V 


s 
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11.187 


The turbine in a jet engine reeeives air at 2200 R, 220 Ibf/in.^. It exhausts to a 

nozzle at 35 Ibf/in.^, whieh in turn exhausts to the atmosphere at 14.7 Ibf/in.^. 
The isentropie effieieney of the turbine is 85% and the nozzle effieieney is 95%. 
Find the nozzle inlet temperature and the nozzle exit veloeity. Assume negligible 
kinetie energy out of the turbine. 

Solution: 


o 


C.V. Turbine: h; = 560.588 Btu/lbm, Srj.- = 1.99765 Btu/lbm R, Sg^ = Sj 
Then from Eq.8.28 


o 


o 


Sies = s^i + R ln(Pe/Pi) = 1.99765 + In (35/220) = 1.8716 

Table F.5 Tg^ = 1382 R, hg^ = 338.27 Btu/lbm, 

Energy eq.: = hj - hg^ = 560.588 - 338.27 = 222.3 Btu/lbm 


Eq.9.27: 


w 


T,AC 


Table F.5 


= X = 188.96 = h. - h^^^^ ^ h^^^^ = 371.6 

T ^^ = 1509R, St = 1.8947 Btu/lbm R 

e,AC 1 e 


C.V. Nozzle: hj = 371.6 Btu/lbm, = 1.8947 Btu/lbm R, s^g = 
Then from Eq.8.28 


o 


o 


^Tes = ^Ti + R ln(Pe'Ri> = > + TO ‘'W ' ' 


Table F.5 


Energy Eq.: 

Eq.9.30: 


T =1199.6 R, h =291.3 Btu/lbm 

e,s e,s 

(1/2)v 2 =h.-h =371.6 -291.3 = 80.3 Btu/lbm 

^ ^ e,s 1 e,s 


(l/2)Vjc = (l/2)V 


e.s 


X r\ 


NOZ 


= 76.29 Btu/lbm 


V =a/2 X 25037 X 76.29 = 1954 ft/s 

e,AC ^ 


Reeall 1 Btu/lbm = 25 037 ft^/s^ 
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Otto, Diesel, Stirling and Carnot Cycles 
11.188 

Air flows into a gasoline engine at 14 Ibf/in. , 540 R. The air is then eompressed 
with a volumetrie eompression ratio of 8:1. In the eombustion proeess 560 
Btu/lbm of energy is released as the fuel burns. Find the temperature and pressure 
after eombustion. 

Solution: 

Solve the problem with eonstant heat eapaeity. 

Compression 1 to 2: S 2 = Sj ^ From Eq.8.33 and Eq.8.34 

T 2 = Tj (vi/v 2 )'"'^ = 540 X 8 ®'^ = 1240.6 R 

P 2 = Pix(vi/V 2 )’" = 14 X 8^-'^ = 257.3 Ibf/in^ 

Combustion 2 to 3 at eonstant volume: U 3 = U 2 + qn 
T 3 = T 2 + qn/Cv = 1240.6 + 560/0.171 = 4515 R 

P 3 = P 2 X (T 3 /T 2 ) = 257.3 (4515 / 1240.6) = 936 Ibf/in^ 
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11.189 


To approximate an actual spark-ignition engine consider an air-standard Otto 
cycle that has a heat addition of 800 Btu/lbm of air, a compression ratio of 7, and 
a pressure and temperature at the beginning of the compression process of 13 

Ibf/in.^, 50 F. Assuming constant specific heat, with the value from Table F.4, 
determine the maximum pressure and temperature of the cycle, the thermal 
efficiency of the cycle and the mean effective pressure. 

Solution: 



State 1: V = RT /P = = 14.532 ftMbm, v, = \J1 = 2.076 ftMbm 

1 1 1 13x144 2 1 

The compression process, reversible adiabatic so then isentropic. The constant 
s is implemented with Eq.8.25 leading to Eqs.8.34 and 8.32 

P 2 = Pi(Vi/v 2 f = 13(7)1-^ = 198.2 Ibf/in^ 

T 2 = Tj(v/v 2 )'''^ = 510(7)'’-^ = 1110.7 R 
The combustion process with constant volume, q^^ = 800 Btu/lbm 
T=X + qJC,= 1110.7 + 800/0.171 = 5789 R 

3 z ^ri V U 

P 3 = P 2 T 3 /T 2 = 198.2 X 5789/1110.7 = 1033 Ibf/in^ 

Cycle efficiency from the ideal cycle as in Eq.l 1.18 
11.^33 = 1 -(T/T 2 ) = 1 -510/1110.7 = 0.541 

To get the mean effective pressure we need the net work 
w,,™ = ri X qu = 0.541 x 800 = 432.8 Btu/lbm 

NET ‘TH 



m eff 



W 


NET 


V -V 
1 2 


432.8x778 

(14.532-2.076)xl44 


= 188 Ibf/in^ 
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.190 

A gasoline engine has a volumetrie compression ratio of 10 and before 
compression has air at 520 R, 12.2 psia in the cylinder. The combustion peak 
pressure is 900 psia. Assume cold air properties. What is the highest temperature 
in the cycle? Find the temperature at the begiiming of the exhaust (heat rejection) 
and the overall cycle efficiency. 

Solution: 

Compression. Isentropic so we use Eqs.8.33-8.34 

P 2 = Pi(vi/V 2 )‘' = 12.2 (10)^ '^ = 306.45 psia 
T 2 = Ti(vi/v 2 )'"^ = 520 (10)°-^ = 1306.2 R 

Combustion. Constant volume 

T 3 = T 2 (P 3 /P 2 ) = 1306.2 X 900/306.45 = 3836 R 
Exhaust. Isentropic expansion so from Eq.8.33 

T 4 = T 3 /(vi/v 2 )^'^ = 13 / 10°-^ = 3836/2.5119 = 1527R 

Overall cycle efficiency is from Eq. 11.18, r^ = V 1 /V 2 

Ti = 1 - r^'’' = 1 - 10 '°'^ = 0.602 

Comment: No actual gasoline engine has an efficiency that high, maybe 35%. 
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11.191 

A for stroke gasoline engine has a eompression ratio of 10:1 with 4 eylinders of 

total displaeement 75 in . the inlet state is 500 R, 10 psia and the engine is 
running at 2100 RPM with the fuel adding 750 Btu/lbm in the eombustion 
proeess. What is the net work in the eyele and how mueh power is produeed? 

Solution: 

Overall eyele effieieney is from Eq. 11.18, r^ = Vi/v 2 

Pth = 1 - = 1 - = 0-602 

Wnet ^ Eth ^ Oh ^ 0.602 x 750 = 451.5 Btu/lbm 
We also need speeifie volume to evaluate Eqs.l 1.15 to 11.17 

vi = RTi / Pi = 53.34 X 500 / (10 x 144) = 18.52 ft^/lbm 

^net ^net 451.5 778 ^ ^ ^ ^ 

Pmeff- Vi - V 2 " (J __L) ~ 18.52 X 0.9 144“ 

Now we can find the power from Eq. 11.17 

w = Pmeff Vdispl = 146.3 X yI X X I = 16 002 Ibf-ft/s 

= 29hp 

Reeall 1 hp = 550 Ibf-ft/s. 
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11.192 

It is found experimentally that the power stroke expansion in an internal 
eombustion engine ean be approximated with a polytropie process with a value of 
the polytropie exponent n somewhat larger than the specific heat ratio k. Repeat 
Problem 11.189 but assume the expansion process is reversible and polytropie 
(instead of the isentropic expansion in the Otto cycle) with n equal to 1.50. 

First find states 2 and 3. based on the inlet state we get 
V 4 = Vj = RT/Pj = 53.34x510/13x144 = 14.532 ft^bm 

v^ = v^ = Vj/7 = 2.076 ftMbm 

After compression we have constant s leads to Eq.8.34 and Eq.8.32 
P 2 = Pi(Vi/v 2 )'' = 13(7)^-4 = 198.2 Ibf/in^ 

T 2 = Tj(v/v2 )‘''^ = 510(7)° '^ = 1110.7 R 

Constant volume combustion 

T=T^ + q„/C,,= 1110.7 + 800/0.171 = 5789 R 

o 1 V U 

P 3 = P 2 T 3 /T 2 = 198.2 X 5789/1110.7 = 1033 Ibf/in^ 

Process 3 to 4: Pv^'^ = constant. 

P 4 = P 3 (V 3 /V 4 )^-^ = 1033(1/7)^-^ = 55.78 Ibf/in^ 

T 4 = T3 (v3/v4 )°-^ = 5789(1/7)'^-^ = 2188 R 

For the mean effective pressure we need the net work and therefore the 
induvidual process work terms 

1 W 2 = j P dv = R(T 2 - Ti)/(1 - 1.4) 

= -53.34(1110.7 - 510)/(0.4x778) = -102.96 Btu/lbm 

3 W 4 = j Pdv = R(T 4 -T 3 )/(l - 1.5) 

= -53.34(2188 - 5789)/(0.5x778) = 493.8 Btu/lbm 
Wnet ^ 493.8 - 102.96 = 390.84 Btu/lbm 

h CYCLE ^ 390.84/700 = 0.488 

Pmeff = w^e/(Vj-V 2 ) = 390.84x778/(14.532 - 2.076) = 169.5 Ibf/in^ 

Notice a smaller hEYCLE’ Pmeff ideal cycle. 
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11.193 


In the Otto cycle all the heat transfer occurs at constant volume. It is more 

realistic to assume that part of q-^ occurs after the piston has started its 

downwards motion in the expansion stroke. Therefore consider a cycle identical 
to the Otto cycle, except that the first two-thirds of the total q^i occurs at constant 

volume and the last one-third occurs at constant pressure. Assume the total q-^ is 

700 Btu/lbm, that the state at the beginning of the compression process is 13 

Ibf/in.^, 68 F, and that the compression ratio is 9. Calculate the maximum 
pressure and temperature and the thermal efficiency of this cycle. Compare the 
results with those of a conventional Otto cycle having the same given variables. 



Pj = 13, Tj = 527.67 R 

r = V /v = 7 
V r 2 ‘ 


1 



V 


s 


P 2 = Pi(Vi/v 2 )'' = 13(9)^-4 = 281.8 Ibf/in^ 


T 2 = Tj(v/v27'^ = 527.67(9)°-4 = 1270.7 R 

T 3 = T 2 + q23/Cyo = 1270.7 + 466.7/0.171 = 4000 R 

P 3 = P 2 (T 3 /T 2 ) = 281.8 X 4000/1270.7 = 887.1 Ibf/in^ = P^ 
14 = 13 + qg/CpQ = 4000 + 233.3/0.24 = 4972 R 


^ ^ = (PyPi) X (T 1 /T 4 ) = ^ X ^ = 7.242 

T 5 = T/v/v/'^ = 4972(1/7.242)° '^ = 2252 R 
qp = C^pCTj-Tj) = 0.171(2252 - 527.67) = 294.9 Btu/lbm 
Pth = 1 - Ol/Oh ^ 1 ■ 294.9/700 = 0.579 
Standard Otto cycle: = 1 - (9)'° '^ = 0.585 


88.1 527.67 

X 


13 4972 
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11.194 


A diesel engine has a bore of 4 in., a stroke of 4.3 in. and a eompression ratio of 
19:1 running at 2000 RPM (revolutions per minute). Eaeh eyele takes two 

revolutions and has a mean effeetive pressure of 200 Ibf/in.^. With a total of 6 
cylinders find the engine power in Btu/s and horsepower, hp. 

Solution: 

Work from mean effective pressure. 

Pmeff = W./(v -V.) -> W= Pmeff (v - V . ) 

iiicii net V niax min^ net incii v niax min^ 

The displacement is 

AV = TiBore^ x 0.25 x S = tt x 4^ x 0.25 x 4.3 = 54.035 in^ 

Work per cylinder per power stroke 

W = PmefKVj^ax ■ ^min) ^ ^00 X 54.035 / (12 X 778) = 1.1575 Btu/cycle 


Only every second revolution has a power stroke so we can find the power 


W = W X Ncyi X RPM X 0.5 ( 


cycles 

min 


mm 


) X (khT) X ( 


Btu 


60 s^ ^cycle 


) 


= 1.1575 X 6 X 2000 x 0.5 x (1/60) = 115.75 Btu/s 
= 115.75 X 3600/2544.43 hp = 164 hp 
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11.195 

At the beginning of compression in a diesel cycle T= 540 R, P = 30 Ibf/in.^ and 

the state after combustion (heat addition) is 2600 R and 1000 Ibf/in.^. Find the 
compression ratio, the thermal efficiency and the mean effective pressure. 

Solution: 

Compression process (isentropic) from Eqs.8.33-8.34 

P 2 = P 3 = 1000 Ibf/in^ => V 1 /V 2 = (P 2 /Pi)^^ = (1000/30)®-^^4^ = 12.24 

T 2 = Ti(P 2 /Pi)^'^'^^^'^ = 540(1000/30) = 1470.6 R 

Expansion process (isentropic) first get the volume ratios 

V 3 /V 2 = T 3 /T 2 = 2600/1470.6 = 1.768 

V 4 /V 3 = Vj/v 3 = (vj/v 2 )(v 2 /v 3 ) = 12.24/1.768 = 6.923 
The exhaust temperature follows from Eq.8.33 

T 4 = T 3 (v 3 /v 4 )'''^ = 2600*6.923'®-4 = 1199 R 

q^ = Cv(T 4 - Tj) = 0.171(1199-540) = 112.7 Btu/lbm 

Oh = ^3 - h 2 = Cp(T 3 - T 2 ) = 0.24(2600 - 1470.6) = 271.1 Btu/lbm 

Ti = 1 - q^^/q^^ = 1 - 112.7/271.1 = 0.5843 

w =q = 271.1 - 112.7 = 158.4 Btu/lbm 

net %et 

Vm^x = = RTi/Pi = 53.34 X 540/(30 x 144) = 6.6675 ft^/lbm 

■^min ^ (V 1 /V 2 ) = 6.6675 / 12.24 = 0.545 ft^/lbm 

tn3.x 

Pmeff = [158.4/(6.6675 - 0.545)] x (778/144) = 139.8 Ibf/in^ 



i T 



Remark: This is a too low compression ratio for a practical diesel cycle. 
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11.196 


Consider an ideal air-standard diesel eyele where the state before the eompression 

proeess is 14 Ibf/in.^, 63 F and the eompression ratio is 20. Find the maximum 
temperature(by iteration) in the eyele to have a thermal effieieney of 60%. 

Diesel eyele: Pj= 14, Tj = 522.67 R, Vj/v2 = 20, 1].^^ = 0.60 

From the inlet state and the eompression we get 


k-l 


T 2 = Tj(Vj/v2y^ ^ = 522.67(20)°-^ = 1732.4 R 


^1 = 


53.34x522.67 . 

= 13.829 ft /Ibm, 


V =^^^ = 0.6915 ft^/lbm 


20 


Constant pressure eombustion relates v., and T 


V3 = V2XT3/T2 = O.6915XT3/I732.4 = 0.000399 T3 
The expansion then gives T interms of T 


T 


T 



yr ‘=( 


13.829 \o.4 


0.000399 T 


7^ = 0.0153 


Now these T’s relate to the given efficiency 


T -T 

tIth ^ ^ 1 ■ k(T^-TJ 


1.4 


= 1 - 


0.0153 T3 -522.67 
1.4(T,-1732.4) 


0.0153 - 0.56 T3 + 447.5 = 0 


Trial and error on this non-linear equation 

5100 R:LHS =-35.54, 5500 R: LHS = 5.04, 5450 R: LHS =-0.5 

Linear interpolation, T = 5455 R 
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11.197 

Consider an ideal Stirling-eyele engine in whieh the pressure and temperature at 

the beginning of the isothermal eompression process are 14.7 Ibf/in.^, 80 F, the 
compression ratio is 6 , and the maximum temperature in the cycle is 2000 F. 
Calculate the maximum pressure in the cycle and the thermal efficiency of the 
cycle with and without regenerators. 




Ideal Stirling cycle 
Tj = = 80 F 

Pj = 14.7 Ibf/in^ 


V 


1 


V, 


= 6 




= = PjX = 14.7x6 = 88.2 

V 2 = V 3 ^ P 3 = P^X T 3 /T 2 = 88.2x^^ = 401.8 Ibf/in^ 


W 


34 ^134 


= RT, In (vyv 3 ) 


= (53.34/778) x 2460 In 6 = 302.2 Btu/lbm 
^23 = = 0.171(2460-540) = 328.3 Btu/lbm 


''i 53.34 

Wj 2 = q... = -RT. In— = - x540 In 6 = -66.3 Btu/lbm 


12 


1 V 


778 


w,,p„ = 302.2 - 66.3 = 235.9 Btu/lbm 

NET 

235.9 

Ono REGEN 302.2+328.3 0.374, 


- 235 . 9 - 

OwiTH REGEN 302.2 0.781 
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11.198 

An ideal air-standard Stirling cycle uses helium as working fluid. The isothermal 

9 9 

compression brings the helium from 15 Ibf/in. , 70 F to 90 Ibf/in. . The 
exspansion takes place at 2100 R and there is no regenerator. Find the work and 
heat transfer in all four processes per Ibm helium and the cycle efficiency. 

Substance helium F.4: R = 386 fl-lbf/lbmR, Cy = 0.753 Btu/lbm R 

V 4 /V 3 = V 1 /V 2 = P 2 /P 1 = 90/15 = 6 

1 -> 2 : - 1 W 2 =-iq 2 = I P dV = RT In (V 1 /V 2 ) 

= 386 X 530 X ln(6)/778 = 471.15 Btu/lbm 

2 -> 3: 2 W 3 = 0; 293 = Cp(T 3 - T 2 ) = 0.753(2100 - 530) = 1182.2 

3 -> 4: 3 W 4 = 394 = RT 3 In(v 4 /v 3 ) = 386 x 2100 x ln(6)/778 

= 1866.8 Btu/lbm 

4->l; 4 W 1 = 0; 49 i = Cp(T 4 - T^) =-1182.2 Btu/lbm 

, -471.15 + 1866.0 

^Cycle '^net/OH 1182.2+ 1866.8 
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11.199 

The air-standard Carnot cycle was not shown in the text; show the T-s diagram 
for this cycle. In an air-standard Carnot cycle the low temperature is 500 R and 
the efficiency is 60%. If the pressure before compression and after heat rejection 

is 14.7 Ibf/in.^, find the high temperature and the pressure just before heat 
addition. 


Solution: 

Carnot cycle efficiency from Eq.7.5 

Ti = 0.6 = 1 - Th/Tl 


^ Th = Tl/0.4 = 500/0.4 = 1250 R 

Just before heat addition is state 2 and after heat rejection is state 1 so 
100 kPa and the isentropic compression is from Eq.8.32 


1 


P2 = Pi(TH/TL)k-l = 14.7( 


1250 

500 


= 363.2 Ibf/in 



OR if we do not use constant specific heat, but use Table F.5 in Eq.8.28 

Tj TJ 1/ ° ° \'T?i 11'’ 1.84573 — 1.62115 -ito n rr 

P^ = Pj exp[(Sj 2 - Sji)/R] = 14.7 x exp[- 53 34 / yyg -^ ^ Ibf/m 
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11.200 

Air in a piston/cylinder goes through a Carnot cycle in which = 80.3 F and the 
total cycle efficiency isr\ = 2/3. Find the specific work and volume ratio in 
the adiabatic expansion for constant Cp, C^. 

Carnot cycle: 

ri = 1 - = 2/3 ^ = 3 X Tj^ = 3 X 540 = 1620 R 

Adiabatic expansion 3 to 4: Pv"^ = constant 

3 W 4 = (P 4 V 4 - PgVjVCl - k) = [R/(l-k)](T 4 - T 3 ) = U 3 - U 4 

= C^(T 3 - T 4 ) = 0.171(1620 - 540) = 184.68 Btu/lbm 
V 4 /V 3 = ( 13 / 14 )^^^’" ■ = 32-5 = 15.6 
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11.201 

Do the previous problem 11.200E using Table F.5. 

Air in a piston/eylinder goes through a Carnot eyele in whieh = 80.3 F and the 
total eyele effieieney isr\ = 2/3. Find the speeifie work and volume ratio in 
the adiabatie expansion for eonstant Cp, C^. 


Carnot eyele: 

p = 1 - = 2/3 


= 3 X T = 3 X 540 = 1620 R 

ri L 


3 W 4 = U 3 - U 4 = 290.13 - 92.16 = 197.97 Btu/lbm 


Adiabatie expansion 3 to 4 


^4 = ^3 


Fq.8.28 


0 

T4 


P 


s°3 + Rln^ 


Table F.5 for standard entropy 


P 


P 


= exp [(s- s j 3 )/R] = exp [ 


1.63979-1.91362 

53.34/778 


] =0.018426 


Ideal gas law then gives 


V3"T3^P4 


540 


1 


X 


1620 0.018426 


= 18.09 
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Refrigeration Cycles 

11.202 


A car air-conditioner (refrigerator) in 70 F ambient uses R-134a and I want to 
have eold air at 20 F produeed. What is the minimum high P and the maximum 
low P it ean use? 

Sinee the R-134a must give heat transfer out to the ambient at 70 F, it 
must at least be that hot at state 3. 

From Table F.10.1: P3 = P2 = P^at 85,95 psia is minimum high P . 

Sinee the R-134a must absorb heat transfer at the eold air 20 F, it must at 
least be that eold at state 4. 

From Table F.10.1: Pj = P 4 = P^at = 33,29 psia is maximum low P. 

T 

Ideal Ref Cyele 

T = 70F = T, 

cond 3 

T = 20F 

evap 

Use Table F.IO for R-134a 



s 
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11.203 

Consider an ideal refrigeration cycle that has a condenser temperature of 110 F 
and an evaporator temperature of 5 F. Determine the coefficient of performance 
of this refrigerator for the working fluids R-12 and R-22. 


Ideal Ref Cycle 


"^cond 

T 

evap 


110F = T3 
5 F 


Use Table F.9 for R-22 
Use computer table for R-12 






R-12 

R-22 

hj, Btu/lbm 

77.803 

104.954 


0.16843 

0.22705 

P^, Ibf/in^ 

151.11 

241.04 

T F 

127.29 

161.87 

Btu/lbm 

91.107 

123.904 

h^=h^, Btu/lbm 

33.531 

42.446 

-Wc = h^-hj 

13.3 

18.95 

Ol = hi-h4 

44.27 

62.51 

P ^Ol/C-w^) 

3.33 

3.30 
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11.204 

The environmentally safe refrigerant R-134a is one of the replaeements for R-12 
in refrigeration systems. Repeat Problem 11.203 using R-134a and eompare the 
result with that for R-12. 


Ideal refrigeration eyele 

T = 110F = T, 

cond 3 

T = 5 F 

evap 


Use Table F.IO for R-134a 
or computer table 



C.V. Compressor: Adiabatic and reversible so constant s 


State 1: Table F.10.1 


hj =167.32 Btu/lbm, s, = 0.4145 Btu/lbm R 


1 


State 2: S 2 = s^ and P 2 = 161.1 psia = P 3 = Pgat 110 F 


Interpolate 


=> h 2 = 184.36 Btu/lbm and T 2 = 121.8 F 


Energy eq.: wq = h 2 - h^ = 184.36 - 167.32 = 17.04 Btu/lbm 
Expansion valve: h 3 = h 4 = 112.46 Btu/lbm 
Evaporator: Ol = hj - h 4 = 167.32 - 112.46 = 54.86 Btu/lbm 
Overall performance, COP 

P = Ol/wc = 54.86 / 17.04 = 3.22 
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11.205 

Consider an ideal heat pump that has a eondenser temperature of 120 F and an 
evaporator temperature of 30 F. Determine the coeffieient of performance of this 
heat pump for the working fluids R-12, R-22, and ammonia. 

T 

Ideal Fleat Pump 
T ^ = 120F 

cond 

T = 30F 

evap 

Use Table F .8 for NH 3 
Use Table F.9 for R-22 


Use computer table for R-12 



R-12 

R-22 

NH 3 

hj, Btu/lbm 

80.42 

107.28 

619.58 

S2 = Si 

0.1665 

0.2218 

1.2769 

P^, Ibf/in^ 

172.3 

274.6 

286.5 

T 2 ,F 

132.2 

160.4 

239.4 

h^, Btu/lbm 

91.0 

122.17 

719.5 

h 2 =h^, Btu/lbm 

36.011 

45.71 

178.83 

-Wc = h^-hj 

10.58 

14.89 

99.92 

“Ih “ ^ 2 '^3 

54.995 

76.46 

540.67 

P' 

5.198 

5.135 

5.411 
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11.206 

The refrigerant R-22 is used as the working fluid in a eonventional heat pump 
eyele. Saturated vapor enters the compressor of this unit at 50 F; its exit 
temperature from the compressor is measured and found to be 185 F. If the 
compressor exit is 300 psia, what is the isentropic efficiency of the compressor 
and the coefficient of performance of the heat pump? 


R-22 heat pump: T = 185 F 



EVAP 


= 50F 


State 1: Table F.9.1 
hj = 108.95 Btu/lbm, 

Sj = 0.2180 Btu/lbm R 



State 2: h^ = 126.525 Btu/lbm 

Compressor work: w^^ = h^ - h^ = 126.525 - 108.95 = 17.575 Btu/lbm 

Isentropic compressor: s^g = = 0.2180 Btu/lbm R 

State 2s: (P^, s) T^g = 160 F, h^g = 120.82 Btu/lbm 

Ideal compressor work: w^^ ^ = h^g - h^ = 120.82 - 108.95 = 11.87 Btu/lbm 


The efficiency is the ratio of the two work terms 


w 


Tl 


Cs 


11.87 


SCOMP Wj. 17.575 


= 0.675 


The condenser has heat transfer as (h^ = h^at 300 psia) 

qjj = h^ - h 3 = 126.525 - 48.02 = 78.505 Btu/lbm 

and a coefficient of performance of 

P' = q^/Wj^ = 4.47 
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11.207 


Consider an air standard refrigeration eyele that has a heat exehanger ineluded as 
shown in Fig. PI 1.137. The low pressure is 14.7 psia and the high pressure is 200 
psia. The temperature into the eompressor is 60 F whieh is T^ and T^ in 

Fig. 11.38, and T^ = T^ = -60 F. Determine the eoeffieienet of performanee of this 

eyele. 


Solution: 





Standard air refrigeration eyele with 

Tj = T 3 = 60 F = 519.67 R, Pi = 14.7 psia, P 2 = 200 psia 


T 4 = Tg = -60 F = 399.67 R 

We will solve the problem with eold air properties. 
Compressor, isentropie S 2 = Sj so from Eq.8.32 


k-l 

^ T 2 = Ti(P 2 /Pi) k =519.67(200/14.7)°-^^^^= 1095.5 R 


wc = -W 12 = Cpo(T 2 - Tj) = 0.24 (1095.5 - 519.67) = 138.2 Btu/lbm 

Expansion in expander (turbine) 

t-l 

^ ^ 0 98S7 

S 5 = S 4 ^ T 5 = T 4 (P 5 /P 4 ) k = 399.67 (14.7/200) = 189.58 R 

We = Cpo(T 4 - T 5 ) = 0.24 (399.67 - 189.58) = 50.42 Btu/lbm 

Net eyele work 

Wnet = 50.42 - 138.2 = -87.78 kJ/kg 
9l Cpo(Tg - T 5 ) = Wp = 50.42 Btu/lbm 
Overall eyele performanee, COP 

p = qL/(-WNET) = 50.42 / 87.78 = 0.574 
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Availability and Combined Cycles 
11.208 

Find the flows and fluxes of exergy in the eondenser of Problem 11.172E. Use 
those to deter mi ne the 2"‘* law effieieney. 

A smaller power plant produees 50 Ibm/s steam at 400 psia, 1100 F, in the boiler. 
It eools the eondenser with oeean water eoming in at 55 F and returned at 60 F so 
that the eondenser exit is at 110 F. Find the net power output and the required 
mass flow rate of the oeean water. 

Solution: 

Take the referenee state at the oeean temperature 55 F = 514.7 R 


The states properties from Tables F.7.1 

and F.7.2. Ref state 14.7 Ibf/in^, 55 F, 
hg = 23.06 Btu/lbm, 

Sq = 0.0458 Btu/lbm R 

State 1: 110 F, x = 0: h^ = 78.01 Btu/lbm, sj = 0.1473 Btu/lbm R, 

State 3: 400 psia, 1100 F: h 3 = 1577.44 Btu/lbm, S 3 = 1.7989 Btu/lbm R 
C.V. Turbine : wj = h 3 - h 4 ; S 4 = S 3 

S 4 = S 3 = 1.7989 = 0.1473 + X 4 (1.8101) => X 4 = 0.9124 

=> h 4 = 78.01 + 0.9124 (1031.28) = 1018.95 Btu/lbm 
C.V. Condenser : = h 4 - hj = 1018.95 - 78.01 = 940.94 Btu/lbm 

Ql = inqL = 50 X 940.94 = 47 047 Btu/s = Cp AT 

ihocean = Ql / Cp AT = 47 047 / (1.0 x*5) = 9409 Ibm/s 

The speeifie flow exergy for the two states are from Eq. 10.24 negleeting 
kinetie and potential energy 

V 4 = ^4 - hp - Tp(s 4 - Sp), = hi - hp - Tp(si - s^) 

The net drop in exergy of the water is 

®water ~ ^water [^4 ~ ~ "^0(^4 ~ ^1)] 

= 50 [ 1018.95 - 78.01 - 514.7 (1.7989 - 0.1473)] 

= 47 047 - 42 504 = 4543 Btu/s 


1 


6 



The net gain in exergy of the oeean water is 
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O 


ocean 


^ocean[^6 


T 


= iii„„„[Cp(T, - Tj) - T„Cp ln(Y^) ] 

= 9409 [ 1.0 (60-55)-514.7 x 1 0 I" 4597 + 55 ] 
= 47 047-46 818 = 229 Btu/s 


The second law efficiency is 


®ocean ^ ®water 


229 

4543 


= 0.05 


In reality all the exergy in the ocean water is destroyed as the 60 F water mixes 
with the ocean water at 55 F after it flows back out into the ocean and the 
efficiency does not have any significance. Notice the small rate of exergy relative 
to the large rates of energy being transferred. 



Sonntag, Borgnakke and van Wylen 


11.209 

(Adv.) Find the availability of the water at all four states in the Rankine eyele 
deseribed in Problem 11.173. Assume the high-temperature source is 900 F and 
the low-temperature reservoir is at 65 F. Determine the flow of availability in or 
out of the reservoirs per pound-mass of steam flowing in the cycle. What is the 
overall cycle second law efficiency? 

Ref state 14.7 Ibf/in^, 77°F, h^ = 45.08 Btu/lbm, s^ = 0.08774 Btu/lbm R 
For this cycle from Table F.7 

State 3: Superheated vapor h^ = 1350.62 Btu/lbm, s^ = 1.5871 Btu/lbm R, 

State 1: Saturated liquid h^ = 97.97 Btu/lbm, v^ = 0.01625 ft^/lbm 
C.V. Pump: Adiabatic and reversible. Use incompressible fluid so 

Wp = /v dP = Vj(P 2 - Pj) = 0.01625(600 - 2.2)^^ = 1,8 Btu/lbm 
h^ = hj + Wp = 95.81 Btu/lbm 

C.V. Boiler: = h 3 - h^ = 1350.62 - 97.97 = 1252.65 Btu/lbm 

C.V. Tubine: w^, = h^ - h^, s^ = s^ 

S 4 = S 3 = 1.5871 Btu/lbm R= 0.1817 + 1.7292 ^ X 4 = 0.8127, 

h^ = 97.97 + 0.8127 x 1019.78 = 926.75 Btu/lbm 
W 3 . = 1350.62 - 926.75 = 423.87 Btu/lbm 

Pcycle ^ ■ WpVqn = (423.87 - 1.8)/1252.65 = 0.337 

C.V. Condenser: 

q^ = \-\ = 926.75 - 97.97 = 828.8 Btu/lbm 




From solution to 11.121: 

Sj = 0.17497, S 2 = 0.175 = Sj, s^ = S 3 = 1.5871 Btu/lbm R 
hj = 94.01, h 2 = 95.81, h 3 = 1350.6, h^ = 921.23 Btu/lbm 
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V = h - hp - Tq(s - Sq) 

= 94.01 - 45.08 - 536.67(0.17497 - 0.08774) = 2.116 Btu/lbm 
\\)^ = 3.92, \\i^ = 500.86, \|/^ = 71.49 Btu/lbm 

= (1 - = 0.6054 x 1254.79 = 759.65 Btu/lbm 

Tijj = = (429.37 - 1.8)/759.65 = 0.563 

Notice > T^, Tl < T 4 = Tp so cycle is externally irreversible. Both and 
q^ over finite AT. 
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11.210 

Find the flows of exergy into and out of the feedwater heater in Problem 11.176E. 


State 1: Xj = 0, hj = 97.97 Btu/lbm, Vj = 0.01625 ftMbm, s = 0.17497 

State 3: X 3 = 0, h 3 = 330.67 Btu/lbm, S 3 = 0.49199 Btu/lbm R 

State 5: h 5 = 1350.52 Btu/lbm, S 5 = 1.5871 Btu/lbm R 

State 6 : s^ = S 5 = 1.5871 Btu/lbm R => hg = 1208.93 Btu/lbm 
C.V Pump PI 

Wpi = h 2 - hj = Vi(P 2 - Pi) = 0.01625(150-2.225)^^= 0.44 Btu/lbm 

=> h 2 = hj + Wpi = 97.97 + 0.4439 = 98.41 Btu/lbm 
S 2 = Si = 0.17497 Btu/lbm R 


• • 

C.V. Feedwater heater: Call mg / mj^j = x 
Energy Eq.: (1 - x) h 2 + x hg = 1 h 3 


(the extraetion fraetion) 



h 3 - h 2 _ 330.67 -98.41 
h 6 -h 2 " 1208.93 - 98.41 


0.2091 



Ref State: 14.7 psia, 77 F, s^ = 0.08774 Btu/lbm R, h^ = 45.08 Btu/lbm 


V 2 = ^2 - ho - To(s 2 - So) 

= 98.41 - 45.08 - 536.67(0.17497 - 0.08774) = 6.52 Btu/lbm 
= 1208.93 - 45.08 - 536.67(1.5871 - 0.08774) = 359.2 Btu/lbm 

1^3 = 330.67 - 45.08 - 536.67(0.49199 - 0.08774) = 68.64 Btu/lbm 

The rate of exergy flow sealed with maximum flow rate is then 


62/1113 = (1 - x) \|/2 = 0.7909 X 6.52 = 5.157 Btu/lbm 
6 g/m 3 = x\|/g = 0.2091 X 359.2 = 75,109 Btu/lbm 
63/1113 = 11/3 = 68,64 Btu/lbm 

The mixing is destroying 5.157 + 75.109 - 68.64 = 11.6 Btu/lbm of exergy 
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11,211 

Consider the Brayton eyele in problem 11.183E. Find all the flows and fluxes of 
exergy and find the overall eyele seeond-law effieieney. Assume the heat 
transfers are internally reversible proeesses and we then negleet any external 
irreversibility. 

Solution; 


Effieieney is from Eq. 11.8 


w 


H 


net . -(k-l)/k . 

— = 1 - r = 1 - 

fiH P 


, ,-0.4/1.4 

16 =0,547 


from the required power we ean find the needed heat transfer 


Qh = / Tj = 14 000 / 0.547 = 25 594 Btu/s 


rii = Qh / qn = 25 594 (Btu/s) / 400 Btu/lbm = 63,99 Ibm/s 


Temperature after eompression is 


(k-l)/k ^,0.4/1.4 

=519.67 x 16 = 1148 R 


The highest temperature is after eombustion 

T3 = T2 + qH/Cp=1148 + 


400 

0.24 


= 2815R 


For the exit flow I need the exhaust temperature 

T^ = T 3 = 2815 X 16-0-2857 = ^274.8 R 

The high T exergy input from eombustion is 


- T(s, - sQ] 


2815 


= 63.99 [400 - 536.67 x 0.24 In (JY^)] = 17 895 Btu/s 
Sinee the low T exergy flow out is lost the seeond law effieieney is 


fill = = 14 000 / 17 895 = 0,782 

41 NET H 


®flow out = ^(^4 - = ^^4 - ^0 - T(S4 - S„)] 

1274 8 

= 63.99 [ 0.24(1274.8 - 536.7) - 536.7 xO.24 In i ^ ^ 

®flow m = ^(^1 - ^ - T(Si - s„)] 

519 7 

= 63.99 [ 0.24(60 - 77) - 536.7 x 0.24 In () ] = 4.2 Btu/s 
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11.212 

Consider an ideal dual-loop heat-powered refrigeration eyele using R-12 as the 
working fluid, as shown in Fig. PI 1.144. Saturated vapor at 220 F leaves the 
boiler and expands in the turbine to the eondenser pressure. Saturated vapor at 0 F 
leaves the evaporator and is eompressed to the eondenser pressure. The ratio of 
the flows through the two loops is sueh that the turbine produees just enough 
power to drive the eompressor. The two exiting streams mix together and enter 
the eondenser. Saturated liquid leaving the eondenser at 110 F is then separated 
into two streams in the neeessary proportions. Determine the ratio of mass flow 
rate through the power loop to that through the refrigeration loop. Find also the 
performanee of the eyele, in terms of the ratio QilQ^j. 




T 

p 

h 

s 

F 

Ibf/in^ 

Btu/lbm 

Btu/lbm R 

1 

0 

23.849 

77.271 

168.88 

2 

- 

151.11 


168.88 

3 

no 

151.11 

33.531 

0.067 45 

4 

0 

23.849 

33.531 


5 

- 

524.43 


0.067 45 

6 

220 

524.43 

89.036 

0.151 49 

7 

no 

151.11 


0.151 49 


Computer tables for 
properties. 

P^-Ps-PgAT 110 F 
P5=P6=PsAT at 220 F 

S2=Sj=0.168 88 

h^^O 1.277 

Pump work: 

-Wp - hj-hj 

- V3(P3-P3) 



= 0.0129(524.4 - 151.1) 


144 


778 


0.894 


hj = 33.531 + 0.894 = 34.425 Btu/lbm 

0.162 79-0.151 49 _ 0.011 30 _ 

0.095 34 “0.095 34“^-"^ 

h.^ = 87.844 - 0.1187(54.313) = 81.397 Btu/lbm 
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CV: turbine + compressor 
Continuity Eq.: = m^, liig = 


Energy Eq.: 


m.h, + m.h, = m,h, + m„h„ 

1 1 6 6 2 2 7 7 



89.036-8E397 

9E277-77.271 


7.639 

14.006 


0.545, 



CV:pump: = h^ = h^-w^ 


CV evaporator; 



CV boiler: Q 



77.271-33.531 

1.833(89.036-34.425) 


j = 1.833 


= liigChg-h^) 

0.436 
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11.213 

Consider an ideal eombined reheat and regenerative eyele in whieh steam enters 

the high-pressure turbine at 500 Ibf/in.^, 700 F, and is extraeted to an open 

feedwater heater at 120 Ibf/in.^ with exit as saturated liquid. The remainder of the 

steam is reheated to 700 F at this pressure, 120 Ibf/in.^, and is fed to the low- 

pressure turbine. The eondenser pressure is 2 Ibf/in.^. Caleulate the thermal 
effieieney of the eyele and the net work per pound-mass of steam. 


5 

7 

3 


h 5 = 1356.66, S 5 = 1.6112 
h 7 = 1378.17, S 7 = 1.7825 
h 3 = hf= 312.59, V 3 = 0.01788 


C.V. T1 

S 5 = S 5 => hg = 1209.76 

Wti = hj - hg = 1356.66 - 1209.76 

= 146.9 Btu/lbm 
C.V. Pump 1 

-Wpi = h 2 - hj = Vi(P 2 - Pi) 

= 0.01623(120-2) = 0.354 
=> ho = hj - Wt .1 = 93.73 + 0.354 = 94.08 Btu/lbm 



PI 


C.V. FWH 


X hg + (1 - x) h 2 = h 3 


h 3 -h 2 312.59-94.08 


X = 


hg - h 2 1209.76 - 94.08 


= 0.1958 


C.V. Pump 2 



-Wp 2 = h 4 - h 3 = V 3 (P 4 - P 3 ) = 0.01788(500 - 120)(144/778) = 1.26 Btu/lbm 
=> h 4 = h 3 - Wp 2 = 312.59 + 1.26 = 313.85 Btu/lbm 
qn = hj - h 4 + (1 - x)(h 7 - hg) = 1042.81 + 135.43 = 1178.2 Btu/lbm 
C.V. Turbine 2 

S 7 = Sg => xg = (1.7825 - 0.1744)/1.746 = 0.921 
hg = hf+xg hfg = 93.73 + 0.921 x 1022.2 = 1035.2 
Wt 2 = h 7 - hg = 1378.17 - 1035.2 = 342.97 


w 


3 t ~ ’^Tl (1 ■ ^) Wt2 + (1 ■ ^) Wpi + Wp2 

= 146.9 + 275.8 - 0.285 - 1.26 = 421.15 kJ/kg 
hcycie = Wnet / Oh = 421.15 / 1178.2 = 0.357 
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11.214 


In one type of nuelear power plant, heat is transferred in the nuelear reaetor to 
liquid sodium. The liquid sodium is then pumped through a heat exehanger where 

heat is transferred to boiling water. Saturated vapor steam at 700 Ibf/in.^ exits this 
heat exehanger and is then superheated to 1100 F in an external gas-fired 
superheater. The steam enters the turbine, whieh has one (open-type) feedwater 

extraetion at 60 Ibf/in.^. The isentropie turbine effieieney is 87%, and the 

eondenser pressure is 1 Ibf/in.^. Determine the heat transfer in the reaetor and in 
the superheater to produee a net power output of 1000 Btu/s. 



T 



700 Ibf/in 


1100 F 


2 


60 Ibf/in 


2 


1 Ibf/in 


2 


8s 8 


W 


NET 


= 1000 Btu/s, Pgrp = 0.87 


-wpi 2 = 0.016136(60 - 1)144/778 = 0.18 Btu/lbm 
hT = hj - Won = 69.73 + 0.18 = 69.91 Btu/lbm 


P12 


-Wp 34 = 0.017378(700 - 60)144/778 = 2.06 Btu/lbm 
h 4 = h 3 - Wp 34 = 262.24 + 2.06 = 264.3 Btu/lbm 


S .7 =s, = 1.7682, P 

7S 6 ’7 


=> T^g = 500.8 F, h.^g= 1283.4 


h.^ = h^ - p^^(h^ - h., J = 1625.8 - 0.87(1625.8 - 1283.4) = 1327.9 


ST^ 6 


7S 


Soc = s, = 1.7682 = 0.13264 + x„„ X 1.8453 => x„„ = 0.8863 

oo o ob ob 

hgg = 69.73 + 0.8863 x 1036 = 987.9 Btu/lbm 

hg = hg - pg^(hg - hgg) = 1625.8 - 0.87(1625.8 - 987.9) = 1070.8 

CV: heater: eont: m^ + m.^ = m^ = 1.0 Ibm, 1st law: m^h^ + = ^ 3^3 

m.^ = (262.24-69.91) / (1327.9-69.91) = 0.1529 

CV: turbine: w.^ = (h^ - h.^) + (1 - m.^)(h.^ - h^) 

= 1625.8-1327.9 + 0.8471(1327.9-1070.8) = 515.7 Btu/lbm 
CV pumps: Wp = m^Wp^^ + i^ 3 Wp 34 = -(0.8471x0.18 + 1x2.06) = -2.2 Btu/lbm 


w,,p„ = 515.7 - 2.2 = 513.5 Btu/lbm => in = 1000/513.5 = 1.947 Ibm/s 

NET 
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CV: reactor Qreact ^ ^(^5 ‘^4) ^ 1-947(1202 - 264.3) = 1825.7 Btu/s 
CV: superheater Qgup ^ ^ 1.947(1625.8 - 1202) = 825 Btu/s 



Sonntag, Borgnakke and van Wylen 


11.215 


Consider an ideal gas-turbine eyele with two stages of compression and two 
stages of expansion. The pressure ratio across each compressor stage and each 
turbine stage is 8 to 1. The pressure at the entrance to the first compressor is 14 

Ibf/in.^, the temperature entering each compressor is 70 F, and the temperature 
entering each turbine is 2000 F. An ideal regenerator is also incorporated into the 
cycle. Determine the compressor work, the turbine work, and the thermal 
efficiency of the cycle. 



Pj = 14 Ibf/in^ 

T = T = 70 F, T = T = 2000 F 

10 Do 

Assume const, specific heat 


s^ = Sj and s^ = s^ 


k-l 


T^ = T^ = Tj(P2/Pj) k = 529.67(8)°-2857 = 959.4 
Total compressor work 

-W(. = 2 x(-Wj 2 ) = 2 Cpq(T2 - Tj) = 2 X 0.24(959.4 - 529.67) = 206.3 Btu/lbm 
Also Sg = and s^ = s^ 



T = T = T 

7 9 6 


Total turbine work 


^k-l 


P 


7 






=2459.67f| 


0.2857 


= 1357.9 R 


= 2x = 2C^^(T^ - T^) = 2 X 0.24(2459.67 - 1357.9) = 528.85 Btu/lbm 


67 


PO^ 6 7 


= 528.85 - 206.3 = 322.55 Btu/lbm 

NET 


Ideal regenerator: T^ = T^, T^^ = T^ 
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= 2 X 0.24(2459.67 - 1357.9) = = 528.85 Btu/lbm 

ri„„ = w,,p.^/q„ = 322.55/528.85 = 0.61 

‘TH NET 
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11.216 

Repeat Problem 11.215, but assume that each compressor stage and each turbine 
stage has an isentropic efficiency of 85%. Also assume that the regenerator has an 
efficiency of 70%. 

T 4 S = = 959.4 R, = 206.3 T 

Tyg = Tgg = 1357.9 R, w^-g = 528.85 
^ -Wc = ■Wg(^/rig(^ = 242.7 Btu/lbm 
-W 12 = -W 24 = 242.7/2 = 121.35 Btu/lbm 

T2 = T4 = Ti + (-Wj2/Cpo) 

= 529.67 + 121.35/0.24 = 1035.3 R 
w.p = Tj^, w.pg = 449.5 Btu/lbm 

T = T = - (+w^yC„A = 2459.67 - 449.5/2x0.24 = 1523 R 

/ y O ^ D / rU^ 

hj-h^ Tj-T^ T^- 1035.3 

^REG ^ ^ Tg-T^ ^ 1523 - 1035.3 ^ ^ ^5 ^ ^ 

= 0.24(2459.67 - 1376.7) + 0.24(2459.67 - 1523) = 484.7 Btu/lbm 
w,.„„ = w„ + w„ = 449.5 - 242.7 = 206.8 Btu/lbm 

JNlii 1 C 

u = w,,p.^/q„ = 206.8/484.7 = 0.427 

‘TH NET 
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11.217 

Consider a small ammonia absorption refrigeration eyele that is powered by solar 
energy and is to be used as an air eonditioner. Saturated vapor ammonia leaves 
the generator at 120 F, and saturated vapor leaves the evaporator at 50 F. If 3000 
Btu of heat is required in the generator (solar eollector) per pound-mass of 
ammonia vapor generated, determine the overall performanee of this system. 


NH^ absorption eyele: 

sat. vapor at 120 F exits the generator. 
Sat. vapor at 50 F exits the evaporator 

q„ = q„cM ^ 3000 Btu/lbm NFl. 

^GEN 3 

out of generator. 



qu h^-hj ^QjQp-hpj^Qp 624.28 - 178.79 
= 445.49 Btu/lbm ^ q^/q^^ = 445.49/3000 = 0.1485 
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The problems that are labeled psychrometric chart only, can be solved without the 
chart using the formulas and the steam tables. Most of the solutions though, 
become lengthy and trial and error type due to the implicit connections between 
the variables shown in the chart. An alternative to this procedure is the use of the 
computer software, which can be used instead of the chart. 
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Concept-Study Guide Problems 


12.1 

Are the mass and mole fraetions for a mixture ever the same? 

Generally not. If the eomponents all had the same moleeular weight the mass and 
mole fraetions would be the same. 

12.2 

For a mixture how many eomponent eoneentrations are needed? 

A total of N-1 eoneentrations are needed whether mass or mole fractions. 
They must sum up to one so the last one is by default. 

12.3 

Are any of the properties (P, T, v) for oxygen and nitrogen in air the same? 

In any mixture under equilibrium T is the same for all components. Each 
species has its own pressure equal to its partial pressure. The partial volume for a 
component is: vj = V/m^ and V is the same for all components so vj is not. 

12.4 

If oxygen is 21% by mole of air, what is the oxygen state (P, T, v) in a room at 
300 K, 100 kPa of total volume 60 m^? 

The temperature is 300 K, 

The partial pressure is P = yPtot “ 0.21 x 100 = 21 kPa. 

At this T, P: vo 2 = RT/P 02 = 0.2598 x 300/21 = 3.711 m^/kg 

Remark: If we found the oxygen mass then ^ 02^02 = V = 60 m 
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12.5 

A flow of oxygen and one of nitrogen, both 300 K, are mixed to produce 1 kg/s 
air at 300 K, 100 kPa. What are the mass and volume flow rates of each line? 

For the mixture, M = 0.21x32 + 0.79x28.013 = 28.85 
For02, 0 = 0.21 x 32/28.85 = 0.2329 

For N 2 , c = 0.79 x 28.013 / 28.85 = 0.7671 

Since the total flow out is 1 kg/s, these are the component flows in kg/s. 
Volume flow of O 2 in is 

• RT 

V = cmv = cm^“= 0.2329x 0.2598x300/100 = 0.1815 m^/s 

Volume flow of N 2 in is 

• RT 

V = cm V = cm = 0.7671x 0.2968x300/100 = 0.6830 m^/s 


12.6 

A flow of gas A and a flow of gas B are mixed in a 1:1 mole ratio with same T. 
What is the entropy generation per km ole flow out? 

For this each component the mole fraction is one half so, 

Eq. 12.19: AS = - R(0.5 lnO.5 + 0.5 lnO.5) = + 0.6931 R 
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12.7 

A rigid container has 1 kg argon at 300 K and 1 kg argon at 400 K both at 150 
kPa. Now they are allowed to mix without any external heat transfer. What is 
final T, P? Is any s generated? 

Energy Eq.: U 2 - ET^ = 0 = 2mu2 - - mu^^, = mCy(2T2 - Tia “ Tj],) 

T2 = (Tia + Tib)/2 = 350 K, 

Process Eq.: V = constant => 

P 2 V = 2mRT2 = mR(Ti, + Tjb) = Pi Vi, + PiVu, = PiV 

P 2 = Pi = 150 kPa, 

AS due to temperature changes only, not P, internally we have a Q over a AT 
AS = m (S 2 - sia) + m (S 2 - sp,) = mCp [ In (T 2 /Tia) + In (T 2 /Tn,) ] 

r 350 350 n 

= 1 X 0.520 [in ^ + In ^ J = 0.0107 kJ/K 





V_y 
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12.8 

A rigid container has 1 kg CO 2 at 300 K and 1 kg argon at 400 K both at 150 kPa. 
Now they are allowed to mix without any heat transfer. What is final T, P? 

No Q, No W so the energy equation gives eonstant U 
Energy Eq.: U 2 - Ui = 0 = mco2(u2 - ui)co2 + mAr(u 2 - ui)Ar 

= inC02Cv 002(^2 - Ti)c 02 + Ar(T2 “ Ti)Ar 

= (1x0.653 + 1x0.312) x T 2 - 1x0.653x300 - 1x0.312x400 

T 2 = 332.3 K, 

V = Vj = Vc02 + ^Ar = mco2Rc02Tc02/P + "lArRArTAr/P 

= 1x0.1889x300/150 + 1x0.2081x400/150 = 0.932 73 
Pressure from ideal gas law and Eq.12.15 for R 

P 2 = (1x0.1889 + 1x0.2081) x332.3/0.932 73 = 141.4 kPa 
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12.9 


A flow of 1 kg/s argon at 300 K and another flow of 1 kg/s CO 2 at 1600 K both at 
150 kPa are mixed without any heat transfer. What is the exit T, P? 


No work implies no pressure ehange for a simple flow. The energy 
equation beeomes 

rnhi = ihhg = (inhi)Ar + (mhi)co2 = (mhe)Ar + (mhe)co2 

^ niC02Cp C02(Te - Ti)c02 + “^ArCp Ar(Te “ Ti)Ar = 0 

^ rriArCp ArTi + mc02Cp C02Ti = [mArCp Ar + inC02Cp CO 2 ] Tg 

1x0.520x300 + 1x0.842x1600 = (1x0.520 + 1x0.842) x 


Te = 1103.7 K, 


Pe= 150 kPa 


*5 


1 Ar 


2 CO 2 



A 


MIXING 

CHAMBER 


Acb 




3 Mix 
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12.10 

What is the rate of entropy inerease in problem 12.8? 

Using Eq. 12.4, the mole fraetion of CO 2 in the mixture is 0.4758. 

From Eqs. 12.16 and 12.17, from the two inlet states to state 2, 

1103.7 0.5242x150 

AS = lx[ 0.520 ln( ^qq ) “ 0.2081 ln(--) ] 

+1 x[ 0.842 0.1889 In = 0.6394 kW/K 

12.11 

If I want to heat a flow of a 4 eomponent mixture from 300 to 310 K at constant 
P, how many properties and which ones do I need to know to find the heat 
transfer? 

You need to know the flow rate, the four mass fractions, and the 
component specific heat values. 
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12.12 

For a gas mixture in a tank are the partial pressures important? 

Partial pressures are neeessary to ealeulate entropy ehanges, if the mixture 
eomposition ehanges. Otherwise, they are not needed. 


12.13 

What happens to relative and absolute humidity when moist air is heated? 

Relative humidity deereases, while absolute humidity remains eonstant. 
See Figs. 12.8 and 12.9. 


12.14 

I eool moist air, do I reaeh the dew first in a eonstant P or eonstant V proeess? 

The eonstant-volume line is steeper than the eonstant-pressure line, 
see Fig. 12.3. Saturation in the eonstant-P process is at a higher T. 



12.15 

What happens to relative and absolute humidity when moist air is cooled? 

Relative humidity increase, while absolute humidity remains constant. 
See Figs. 12.8 and 12.9. 
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12.16 

If I have air at 100 kPa and a) -10°C b) 45°C and c) 110°C what is the 
maximum absolute humidity I ean have? 

Humidity is related to relative humidity (max 100%) and the pressures as in 
Eq.l2.28 where fromEq.12.25 Py = O Pg and Pa = PtofPv 

CO = 0.622 p = 0.622 p ^p 

l^tot ■ 

a) Pg = 0.2601 kPa, co = 0.622x0.2601/99.74 = 0.001 62 

b) Pg = 9.593 kPa, co = 0.622x9.593/90.407 = 0.0660 

e) Pg = 143.3 kPa, no max co for P^q^ = 100 kPa 
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12.17 

Can moist air below the freezing point, say -5°C, have a dew point? 

Yes. At the dew point, water would begin to appear as a solid. It snows. 

12.18 

Explain in words what the absolute and relative humidity expresses? 

Absolute humidity is the ratio of the mass of vapor to the mass of dry air. It says 
how mueh water is there per unit mass of dry air. 

Relative humidity is the ratio of the mole fraction of vapor to that in a saturated 
mixture at the same T and P. It expresses how close to the saturated state the 
water is. 


12.19 

An adiabatic saturation process changes O, co and T. In which direction? 

Relative humidity and absolute humidity increase, and temperature decreases. 

12.20 

I want to bring air at 35°C, O = 40% to a state of 25°C, co = 0.01 do I need to add 
or subtract water? 

Assuming P = 100 kPa, 

At 35°C , 40 % : co = 0.622x0.40x5.628/97.749 = 0.014 32 

To get to CO = 0.01 , it is necessary to subtract water. 
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Mixture composition and properties 
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12.21 

A gas mixture at 20°C, 125 kPa is 50% N 2 , 30% H 2 O and 20% O 2 on a mole 

basis. Find the mass fraetions, the mixture gas constant and the volume for 5 kg of 
mixture. 

Solution: 

The conversion follows the definitions and identities: 


From Eq. 12.3: C[ = yj Mj/ X YjMj 
From Eq.12.5: 

Mmix = Z YjMj = 0.5x28.013 + 0.3x18.015 + 0.2x31.999 

= 14.0065 + 5.4045 + 6.3998 = 25.811 
Cn2 = 14.0065 / 25.811 = 0.5427, Ch20 = 5-4045 / 25.811 = 0.2094 

002 = 6.3998/25.811 =0.2479, sums to 1 OK 

From Eq.12.14: 

= 8.3145 / 25.811 = 0.3221 kJ/kg K 


V = mR™. T/P = 5x0.3221x393.15/125 = 5.065 


mix 
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12.22 

A mixture of 60% N 2 , 30% Ar and 10% O 2 on a mass basis is in a cylinder at 250 
kPa, 310 K and volume 0.5 m . Find the mole fractions and the mass of argon. 
Solution: 

Total mixture PV = m 


From Eq.12.15: 

Rmix = H c^Rj = 0.6 X 0.2968 + 0.3 x 0.2081 + 0.1 x 0.2598 

= 0.26629 kJ/kg K 

m = PV/RmixT = 250 x 0.5 / 0.26649 x 310 = 1.513 kg 
m^j. = 0.3 m = 0,454 kg 

From Eq. 12.4: yj = (cj / Mj) / X Cj/Mj 



Ci 

Mi 

Ci/Mi 

Yi 

N 2 

0.6 

28.013 

0.02141 

0.668 

Ar 

0.3 

39.948 

0.00751 

0.234 

O 2 

0.1 

31.999 

0.003125 

0,098 round up 


0.032055 



Sonntag, Borgnakke and van Wylen 


12.23 

A mixture of 60% N 2 , 30% Ar and 10% O 2 on a mole basis is in a eylinder at 250 
kPa, 310 K and volume 0.5 m . Find the mass fraetions and the mass of argon. 
Solution: 

From Eq. 12.3: oj = yj Mj/ X yjMj 
Eq.12.5: 


Mmix = Z YjMj = 0.6x28.013 + 0.3x39.948 + 0.1x31.999 = 31.992 
Cn 2 = (0.6x28.013) / 31.992 = 0.5254 
CAr = (0.3x39.948) / 31.992 = 0.3746 
C 02 = (0.1x31.999) / 31.992 = 0.1, sums to 1 OK 
From Eq.12.14: 


Rjnix = R/Mmix = 8.3145 / 31.992 = 0.260 kJ/kg K 
nimix = PV/(Rjnix T) = 250x0.5 / 0.26x310 = 1.551 kg 
mAr = CAr X m^j^ = 0.3746x 1.551 = 0,581 kg 
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12.24 

A new refrigerant R-407 is a mixture of 23% R-32, 25% R-125 and 52% R-134a 
on a mass basis. Find the mole fraetions, the mixture gas eonstant and the mixture 
heat eapaeities for this new refrigerant. 

Solution: 

From the eonversion in Eq.12.4 we get: 



Ci 

Mi 

Ci/Mi 

Yi 

R-32 

0.23 

52.024 

0.004421 

0.381 

R-125 

0.25 

120.022 

0.002083 

0.180 

R-134a 

0.52 

102.03 

0.0050965 

0.0116005 

0.439 


Eq.12.15: 

Rmix = Z CiRj = 0.23 X 0.1598 + 0.25 x 0.06927 + 0.52 x 0.08149 

= 0.09645 kJ/kg K 

Eq.12.23: 

Cp ^ Z Ci Cp i = 0.23 X 0.822 + 0.25 x 0.791 + 0.52 x 0.852 

= 0.8298 kJ/kg K 

Eq.12.21: 

Cy mix = Z qCy i = 0.23 X 0.662 + 0.25 x 0.721 + 0.52 x 0.771 

= 0.7334 kJ/kg K ( = Cp - Rmix ) 
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12.25 

A carbureted internal combustion engine is eonverted to run on methane gas 
(natural gas). The air-fuel ratio in the cylinder is to be 20 to 1 on a mass basis. 
How many moles of oxygen per mole of methane are there in the cylinder? 

Solution: 

The mass ratio rn^jj^/mQ^^ = 20, so relate mass and mole n = m/M 


ncH4 





= 20 x 16.04/28.97= 11.0735 


^^09 nATR 

^-=-X-= 0 . 21 x 11.0735 = 2.325 mole O^/mole CH 4 

ncH4 nAiR ncH4 ^ ^ 
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12.26 

Weighing of masses gives a mixture at 60°C, 225 kPa with 0.5 kg O 2 , 1.5 kg N 2 
and 0.5 kg CH 4 . Find the partial pressures of each component, the mixture 
specific volume (mass basis), mixture molecular weight and the total volume. 

Solution: 

From Eq. 12.4: y[ = (mj /Mj) / X 

ntot = Z mj/Mj = (0.5/31.999) + (1.5/28.013) + (0.5/16.04) 

= 0.015625 + 0.053546 + 0.031172 = 0.100343 
y 02 = 0.015625/0.100343 = 0.1557, 

yN 2 = 0.053546/0.100343 = 0.5336, 

ycH 4 = 0.031172/0.100343 = 0.3107 

From Eq.12.10: 

^02 ^ y 02 Ptot ^ 0.1557x225 = 35 kPa, 

Pn 2 ^ yN 2 Ptot ^ 0.5336x225 = 120 kPa 
PcH 4 = ycH 4 Ptot = 0.3107x225 = 70 kPa 

Vtot = ntot RT/P = 0.100343 x 8.31451 x 333.15 /225 = 1.235 

V = Vtot/mtot = 1.235 / (0.5 + 1.5 + 0.5) = 0.494 m^/kg 
From Eq.12.5: 

= Z yjMi = m^t/ntot = 2.5/0.100343 = 24.914 
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12.27 


A 2 kg mixture of 25% N 2 , 50% O 2 and 25% CO 2 by mass is at 150 kPa and 300 
K. Find the mixture gas eonstant and the total volume. 

Solution: 

From Eq.12.15: 

Rmix = Z qRi = 0.25 X 0.2968 + 0.5 x 0.2598 + 0.25 x 0.1889 

= 0.2513 kJ/kg K 


Ideal gas law: 


PV = 


V = mR.^;.T/P = 2 X 0.2513 x 300/150 = 1.005 


mix 
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12.28 

A 100 m storage tank with fuel gases is at 20°C, 100 kPa containing a mixture of 
acetylene C 2 H 2 , propane C 3 H 8 and butane C 4 Hio- A test shows the partial 

pressure of the C 2 H 2 is 15 kPa and that of C 3 H 8 is 65 kPa. How much mass is 

there of each component? 

Solution: 

Assume ideal gases, then the ratio of partial to total pressure is the mole 
fraction, y = P/P tot 

yc 2 H 2 ^ 15/100 = 0.15, y(23jjg = 65/100 = 0.65, y(24Hio ^ 20/100 = 0.20 



100X 100 

8.31451 X 293.15 


= 4.1027 kmoles 


^C2m - (nM)(22H2 - yc2H2 ^tot Mc2H2 


= 0.15x4.1027x26.038 = 16.024 kg 

^ = yc3H8 ’^tot ^csHS 

= 0.65x4.1027x44.097 = 117.597 kg 

I^C4H10 ^ = yC4HlO ^^tot Mc4HlO 

= 0.20x4.1027x58.124 = 47.693 kg 
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12.29 

A pipe, cross sectional area 0.1 m^, carries a flow of 75% O 2 and 25% N 2 by 

mole with a velocity of 25 m/s at 200 kPa, 290 K. To install and operate a mass 
flow meter it is necessary to know the mixture density and the gas constant. What 
are they? What mass flow rate should the meter then show? 

Solution: 


FromEq.12.3: Cj = yj M/X YjMj 
From Eq.12.5 


M 


mix 


X yjMj = 0.75x31.999 + 0.25x28.013 = 31.0025 


Eq.12.14: 

Rmix = = 8.3145 / 31.0025 = 0.2682 kJ/kg K 


V = Rinix T/P = 0.2682X 290 / 200 = 0.38889 m^/kg 


p = 1/v = 2.5714 kg/m^ 
m = pAV = 2.5714x0.1x25 = 6.429 kg/s 
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12.30 

A new refrigerant R-410a is a mixture of R-32 and R-125 in a 1:1 mass ratio. 
What are the overall moleeular weight, the gas eonstant and the ratio of specifie 
heats for such a mixture? 

Eq.12.15: 

Rmix = S CiRi = 0.5 X 0.1598 + 0.5 x 0.06927 = 0.1145 kJ/kg K 
Eq.12.23: 

Cp mix = X q Cp i = 0.5 X 0.822 + 0.5 x 0.791 = 0.8065 kJ/kg K 
Eq.12.21: 

Cy mix = X qCy i = 0.5 X 0.662 + 0.5 x 0.722 = 0.692 kJ/kg K 

( ~ mix ■ R-mix ) 

^mix ~ mix ^ mix ~ 0.8065 / 0.692 = 1.1655 

M= XyjMj = =l/X(cj/Mj)= Q3 ^ 

52.024 ^ 120.022 


= 72.586 
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Simple processes 


12.31 


At a certain point in a coal gasification process, a sample of the gas is taken and 
stored in a 1-L cylinder. An analysis of the mixture yields the following results: 

Component H 2 CO CO 2 N 2 


Percent by mass 


2 


45 


28 


25 


Determine the mole fractions and total mass in the cylinder at 100 kPa, 20°C. 

How much heat transfer must be transferred to heat the sample at constant volume 
from the initial state to 100°C? 

Solution: 


Determine mole fractions from Eq. 12.4: yj = (cj / Mj) / X Cj/Mj 


X Cj / Mj = 0.02 / 2.016 + 0.45 / 28.01 + 0.28 / 44.01 + 0.25 / 28.013 

= 0.009921 + 0.016065 + 0.006362 + 0.00892 = 0.041268 
Mmix = 1 / X Cj/Mj = 1/0.041268 = 24.232 
From Eq.12.4 

yH 2 = 0.009921 x 24.232 = 0.2404 y^o = 0.016065 x 24.232 = 0.3893 
yco2 = 0.006362 X 24.232 = 0.1542 yN 2 = 0.00892 x 24.232 = 0.2161 

Rmix = = 8.3145/24.232 = 0.34312 kJ/kg/K 

m = PV/RT = lOOx 10-3/0.34312 x 293.15 = 9.942x10"* kg 

Cyo MIX = ^vo i ^ ^ ^ 

+ 0.28 X 0.653 + 0.25 x 0.745 = 0.9056 kJ/kg K 
jQ 2 = U 2 - Uj = mCyQ(T 2 -T^) = 9.942xl0-'*x 0.9056x(100-20) = 0.0720 kJ 
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12.32 

The mixture in Problem 12.27 is heated to 500 K with constant volume. Find the 
final pressure and the total heat transfer needed using Table A. 5. 

Solution: 

C.V. Mixture of constant volume. 

Process: V = constant => 1 W 2 = j P dV = 0 

Energy Eq.: 1 Q 2 = m(u 2 - ui) ^ m Cymix (T 2 - Ti) 

Ideal gas: PV = mRT => P 2 = Pi(T2 / Ti)(ViA^2) 

P 2 = P 1 T 2 /T 1 = 150 X 500/300 = 250 kPa 
From Eq. 12.21: 

Cvmix ^ X CjCv i = 0.25 X 0.745 + 0.5 x 0.662 + 0.25 x 0.653 

= 0.6805 kJ/kg K 

1 Q 2 = 2 X 0.6805(500 - 300) = 272.2 kJ 
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12.33 

The mixture in Problem 12.27 is heated up to 500 K in a eonstant pressure 
proeess. Find the final volume and the total heat transfer using Table A.5. 

Solution: 

C.V. Mixture 

Proeess: P = eonstant => ^W 2 = j P dV = P( V 2 - Vj) 

Energy Eq.: 1 Q 2 = m(u 2 - ui) + 1 W 2 = m(u 2 - ui) + Pm( V 2 - vi) 

= m(h 2 - hi) = m Cp inix(T 2 - Ti) 

From Eq.12.15: 

Rmix = Z CiRi = 0.25 X 0.2968 + 0.5 x 0.2598 + 0.25 x 0.1889 

= 0.2513 kJ/kgK 
From Eq. 12.23: 

Cp jnix ^ Z Cj Cp 1 = 0.25 X 1.042 + 0.5 x 0.922 + 0.25 x 0.842 

= 0.932 kJ/kg K 

V 2 = m Rj^lx T 2 /P 2 

= 2 X 0.2513 X 500/150 = 1.675 
1 Q 2 = 2 X 0.932(500 - 300) = 372.8 kJ 
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12.34 

A pipe flows 1.5 kg/s of a mixture with mass fraetions of 40% CO 2 and 60% N 2 

at 400 kPa, 300 K. Heating tape is wrapped around a seetion of pipe with 
insulation added and 2 kW electrical power is heating the pipe flow. Find the 
mixture exit temperature. 

Solution: 

C.V. Pipe heating section. Assume no heat loss to the outside, ideal gases. 
Energy Eq.: Q = m(he - hj) = mCp jnix(Te - Ti) 

From Eq. 12.23 

Cp mix = X q Cp i = 0.4 X 0.842 + 0.6 x 1.042 = 0.962 kJ/kg K 

Substitute into energy equation and solve for exit temperature 
Te = Ti + Q / mCp mix = 300 + 2 / (1.5 x 0.962) = 301.3 K 
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12.35 

A pipe flows 0.05 km ole a seeond mixture with mole fraetions of 40% CO 2 and 

60% N 2 at 400 kPa, 300 K. Heating tape is wrapped around a section of pipe with 

insulation added and 2 kW electrical power is heating the pipe flow. Find the 
mixture exit temperature. 

Solution: 

C.V. Pipe heating section. Assume no heat loss to the outside, ideal gases. 
Energy Eq.: Q = m(he - hj) = n(he - hj) = nCp - Ti) 

From Eqs. on page 494 (the extension of Eq. 12.23) 

Cp mix = X Yi Q = 0.4 X 0.842 x 44.01 + 0.6 x 1.042 x 28.013 

= 32.336 kJ/kmol 

Substitute into energy equation and solve for exit temperature 

Te = Ti + Q / nCp ^ix = 300 + 2/(0.05 x 32.336) = 301.2 K 
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12.36 

A rigid insulated vessel contains 12 kg of oxygen at 200 kPa, 280 K separated by 
a membrane from 26 kg carbon dioxide at 400 kPa, 360 K. The membrane is 
removed and the mixture comes to a uniform state. Find the final temperature and 
pressure of the mixture. 

Solution: 

C.V. Total vessel. Control mass with two different initial states. 

Mass: m = mQ 2 + mQQ 2 = 12 + 26 = 38 kg 

Process: V = constant (rigid) =>W = 0, insulated => Q = 0 
Energy: U 2 - Uj = 0 - 0 = mo 2 Cy 02(^2 - Ti 02 ) + mco2Cv C 02 (T 2 - T 1 C 02 ) 
Initial state from ideal gas Table A. 5 

Cy 02 = 0.662 kJ/kg, Cy co 2 = 0-653 kJ/kg K 

O 2 : V 02 = mRTi/P = 12 x 0.2598 x 280/200 = 4.3646 m^ 

CO 2 : Vco2 = mRTj/P = 26 x 0.1889 x 360/400 = 4.4203 m^ 

Final state mixture 

Rmix = X qRi = [12 X 0.2598 + 26 x 0.1889 ]/38 = 0.2113 kJ/kg K 

The energy equation becomes 

^^02 Cy 02 T 2 + ni( 202 Cy C 02 T 2 

= 1^02 Cy 02 Ti 02 + ’^C02Cy C02 C02 

(7.944 + 16.978 ) T 2 = 2224.32 + 6112.08 = 8336.4 kJ 

=> T 2 = 334.5 K 

From mixture gas constant and total volume 

P 2 = mRjnixT 2 /V = 38 X 0.2113 x 334.5 / 8.7849 = 305.7 kPa 
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12.37 

A mixture of 40% water and 60% earbon dioxide by mass is heated from 400 K to 
1000 K at eonstant pressure 120 kPa. Find the total change in enthalpy and 
entropy using Table A.5 values. 

Solution: 

From Eq.12.15: 

Rmix = Z CiRi = 0.4 X 0.4615 + 0.6 x 0.1889 = 0.29794 kJ/kg K 
From Eq. 12.23: 

Cp mix = 0-4 X 1.872 + 0.6 x 0.842 = 1.254 kJ/kg K 

h 2 - hi = Cp mix (T2 - Ti) = 1.254 x (1000 - 400) = 752,4 kJ/kg 
From Eq. 12.24: 

S 2 - Si = Cp mix ln(T2 / Ti) - R mix H^2 < Pi) 

= Cp mix ln(T2 / Ti) = 1.254 In (1000/400) = 1.149 kJ/kg K 
As the two total pressures are the same the pressure correction term drops out. 
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12.38 

Do Problem 12.37 but with variable heat capacity using values from Table A.8. 


A mixture of 40% water and 60% carbon dioxide by mass is heated from 400 K to 
1000 K at constant pressure 120 kPa. Find the total change in enthalpy and 
entropy using Table A.5 values. 

Solution: 

From Eq.12.12: 

h2 - hj = Ch2o( ^2 - hi)H20 + Cc02(h2 “ hi)co2 

= 0.4(1994.13 - 742.3) + 0.6(971.67 - 303.76) 

= 500.69 + 400.75 

= 901.4 kJ/kg 

From Eq.12.16 and Eq.12.18: 




R-mix 111 (^2 /Pl) 


- Ch2o( St2 “ ®T1^H20 + CC02( ~ ®Tl^C02 

= 0.4(12.9192 - 11.0345) + 0.6(6.119 - 5.1196) 

= 0.75388 + 0.59964 = 1.3535 kJ/kg K 
As the two total pressures are the same the pressure correction term drops out. 
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12.39 


An insulated gas turbine reeeives a mixture of 10% CO 2 , 10% H 2 O and 80% N 2 

on a mass basis at 1000 K, 500 kPa. The volume flow rate is 2 m /s and its 
exhaust is at 700 K, 100 kPa. Find the power output in kW using eonstant speeifie 
heat from A.5 at 300 K. 

Solution: 

C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 


Energy Eq.: 


Wx = m(hi - hg) = mCp inix(Ti - T^) 


Properties: From Eqs. 12.15 and 12.23 

Rmix ^ X CiRj = 0.1 X 0.1889 + 0.1 X 0.4615 + 0.8 x 0.2968 

= 0.30248 kJ/kg K 

Cp mix = Z q Cp i = 0.1 X 0.842 + 0.1 X 1.872 + 0.8 x 1.042 

= 1.105 kJ/kgK 

PV = mR^ixT => m = PV/RjnixT 


m = 500x2/(0.30248x1000) = 3.306 kg/s 
Wt = 3.306 X 1.105 (1000 - 700) = 1096 kW 
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12.40 

Solve Problem 12.39 using the values of enthalpy from Table A. 8. 

An insulated gas turbine receives a mixture of 10% CO 2 , 10% H 2 O and 80% N 2 

on a mass basis at 1000 K, 500 kPa. The volume flow rate is 2 m /s and its 
exhaust is at 700 K, 100 kPa. Find the power output in kW using constant specific 
heat from A.5 at 300 K. 

Solution: 

C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 
Energy Eq.: = m(hi - hg) = m ^Cj (hi - he)j 

Properties: From Eqs.12.15 and 12.23 


Rmix = X CiRi = 0.1 X 0.1889 + 0.1 X 0.4615 + 0.8 x 0.2968 

= 0.30248 kJ/kg K 

PV = mR^ixT => m = PV/RjnixT 


m = 500 X 2/(0.30248 x 1000) = 3.306 kg/s 


Now get the h values from Table A.8 (all in kJ/kg) 

Wj = 3.306 [ 0.1 (971.67 - 616.22) + 0.1 (1994.13 - 1338.56) 

+ 0.8 (1075.91 -735.86)] 

= 1234 kW 
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An insulated gas turbine reeeives a mixture of 10% CO 2 , 10% H 2 O and 80% N 2 

on a mole basis at 1000 K, 500 kPa. The volume flow rate is 2 m /s and its 
exhaust is at 700 K, 100 kPa. Find the power output in kW using eonstant speeifie 
heat from A.5 at 300 K. 


C.V. Turbine, Steady flow, 1 inlet, 1 exit flow with an ideal gas mixture, and 
no heat transfer so q = 0. 

Energy Eq.: Wj = m (hj - h^) = n (hj - \) = n Cp (Ti - T^) 


Ideal gas law: PV = nRT => 


RT 


500 x2 
8.3145 X 1000 


= 0.1203 kmole/s 


The mixture heat capaeity beeomes 

Cpniix = Xyi Q = 0.1 X 44.01 X 0.842+ 0.1 x 18.015 x 1.872 

+ 0.8 X 28.013 X 1.042 = 30.43 kJ/kmol K 


Wt = 0.1203 X 30.43 (1000 - 700) = 1098 kW 
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Solve Problem 12.41 using the values of enthalpy from Table A.9. 

C.V. Turbine, Steady flow, 1 inlet, 1 exit flow with an ideal gas mixture, and 
no heat transfer so q = 0. 


Energy Eq.: 
Ideal gas law: 


Wt = m (hi - hg) = n (hi - hg) = n [ Xyj (hi - he)j ] 


PV = nRT => 


PV 


500 x2 


^ RT 8.3145 x 1000 


= 0.1203 kmol/s 


Read the enthalpies from Table A. 9 (they are all in kJ/kmol) 

Wx = 0.1203[0.1(33397- 17754)+ 0.1(26000- 14190)+ 0.8(21463 - 11937)] 

= 1247 kW 
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A piston/cylinder device contains 0.1 kg of a mixture of 40 % methane and 60 % 
propane gases by mass at 300 K and 100 kPa. The gas is now slowly compressed 
in an isothermal (T = constant) process to a final pressure of 250 kPa. Show the 
process in a P-V diagram and find both the work and heat transfer in the process. 

Solution: 

C.V. Mixture of methane and propane, this is a control mass. 

Assume methane & propane are ideal gases at these conditions. 

Energy Eq.5.11: m(u 2 - uj) = 1 Q 2 - 1 W 2 
Property from Eq.12.15 

Rmix = 0.4 Rch4 + 0-6 Rc3H8 

= 0.4 X 0.5183 + 0.6 x 0.1886 = 0.3205 kJ/kg K 
Process: T = constant & ideal gas => 

1 W 2 = IP dV = j (l/V)dV = mRi^i^T In (V 2 /V 1 ) 

= mRinixT In (P 1 /P 2 ) 

= 0.1 X 0.3205 X 300 In (100/250) = -8.81 kJ 

Now heat transfer from the energy equation where we notice that u is a 
constant (ideal gas and constant T) so 

1Q2 = m(u2 - ui) + 1W2 = 1W2 = -8.81 kJ 





V 


s 
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12.44 

Consider Problem 12.39 and find the value for the mixture heat capacity, mass 
basis and the mixture ratio of specific heats, both estimated at 850 K from 

values (differences) of h in Table A.8. With these values make an estimate for the 
reversible adiabatic exit temperature of the turbine at 100 kPa. 

Solution: 

We will find the individual heat capacities by finite differences: 

Cp i = dh/dT = Ah/AT = (h9oo - h8oo)/(900 - 800) 

Read the h values from Table A.8 

Cpco2 = (849.72 - 731.02)7100 = 1.187 kJ/kg K; 

CpH2o = (1V38.6 - 1550.13)7100 = 1.8847 kJ7kg K 
CpN2 = (960.25 - 846.85)7100 = 1.134 kJ7kg K 
Properties: From Eqs. 12.15 and 12.23 

Rmix = Z CiRi = 0.1 X 0.1889 + 0.1 X 0.4615 + 0.8 x 0.2968 

= 0.30248 kJ7kg K 

Cp mix = X q Cp i = 0.1 X 1.187 + 0.1 X 1.8847 + 0.8 x 1.134 

= 1.2144 kJ7kgK 

Cvmix = Cpmix - R-mix = 1.2144 - 0.30248 = 0.9119 kJ7kg K 


k = Cp mix7Cv mix = 1-3317 

Reversible adiabatic turbine => Process is s = constant. 
Assume constant average heat capacities so Eq.8.32: 


0.3317 


= Ti(Pe/Pi) k = 1000(100/500)1.3317 = 1000 (0.2) 


0.2491 


= 670K 
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Consider Problem 12.41 and find the value for the mixture heat capacity, mole 
basis and the mixture ratio of specific heats, both estimated at 850 K from 

values (differences) of h in Table A.9. With these values make an estimate for the 
reversible adiabatic exit temperature of the turbine at 100 kPa. 

We will find the individual heat capacities by finite differences: 

Cp i = dii/dT = Ah/AT = (^qq -hsoo) / (900 - 800) 

Now read the h values from Table A.9 (all in kJ/kmol) 

Cp C 02 = (28030 - 22806)7100 = 52.24 kJ/kmol K 

CpH 20 = (21937 - 18002)7100 = 39.35 kJ7kmol K 

CpN 2 = (18223 - 15046)7100 = 31.77 kJ7kmol K 

Cpmix = Xyi Cpi = 0.1 X 52.24+ 0.1 X 39.35 + 0.8 x 31.77 

= 34.575 kJ7kmol K 
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A mixture of 0.5 kg nitrogen and 0.5 kg oxygen is at 100 kPa, 300 K in a piston 
cylinder keeping constant pressure. Now 800 kJ is added by heating. Find the 
final temperature and the increase in entropy of the mixture using Table A. 5 
values. 

Solution: 

C.V. Mixture in the piston cylinder. 

Energy Eq.: m(u 2 - uj) = 1 Q 2 - 1 W 2 

Process: P = constant => jW 2 = IP dV = P (V 2 - Vj) 

1 Q 2 = m(u 2 - ui) + 1 W 2 = m(u 2 - uj) + mP(v 2 - Vj) = m(h 2 - h^) 

^2 “ hj = iQ2/m = Cp (Tl “ Ti) 

From Eq. 12.23 and Table A.5: 

Cp jnix = (1/2) X 0.922 + (1/2) X 1.042 = 0.982 kJ/kg K 

T 2 = Ti+ iQ2/mCp jnix 

= 300 + 800/(1 X 0.982) = 1114.7 K 
From Eq. 12.24: 

m(s 2 - si) = m[Cp mix ln(T 2 / Tj) - R ln(P 2 / Pi)] 

= 1 X 0.982 X In (1114.7/300) = 1.29 kJ/K 
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12.47 

A mixture of 0.5 kg nitrogen and 0.5 kg oxygen is at 100 kPa, 300 K in a piston 
cylinder keeping constant pressure. Now 800 kJ is added by heating. Find the 
final temperature and the increase in entropy of the mixture using Table A. 8 
values. 

Solution: 

C.V. Mixture in the piston cylinder. 

Energy Eq.: m(u 2 - uj) = 1 Q 2 - 1 W 2 

Process: P = constant => jW 2 = 1P dV = P (V 2 - Vj) 

1 Q 2 = m(u 2 - ui) + 1 W 2 = m(u 2 - uj) + mP(v 2 - vj) 

= m(h2 - hi) 

h2 - hi = iQ2/m = 800/1 = 800 kJ/kg 
Since T 2 is so high we use Table A. 8 values guessing a T 2 

(h2-hi)iiooK = 2 (1193.62-311.67)+^(1090.62-273.15) 

= 849.71 kJ/kg too high 

(h2 - hi)ioooK = I (1075.91 - 311.67) +1 (980.95 - 273.15) 

= 736.02 kJ/kg too low 

T 2 = 1000 + 100[(800 - 736.02)7(849.71 - 736.02)] = 1056.3 K 
From Eqs.12.16 and 12.18: 

^2 “ Si = 2 (S°2 - S° j)n2 + 2 (St 2 ' ®Tl^C)2 

= ^ (8.2082 - 6.8463) + ^ (7.6709 - 6.4168) 


= 1.308 kJ/kg K 
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New refrigerant R-410a is a mixture of R-32 and R-125 in a 1:1 mass ratio. A 
process brings 0.5 kg R-410a from 270 K to 320 K at a constant pressure 250 kPa 
in a piston cylinder. Find the work and heat transfer. 

Solution: 

C.V. R-410a 

Energy Eq.: m(u 2 - uj) = 1 Q 2 - 1 W 2 = 1 Q 2 - P (V 2 - Vj) 

Process: P = constant ^W 2 = P (V 2 - Vj) = mR(T 2 - Tj) 

1 Q 2 = m(u2 - ui) + 1 W 2 = m(h2 - hj) 

From Eq.12.15: 

Rmix = Z CiRi = ^ X 0.1598 + ^ X 0.06927 = 0.1145 kJ/kg K 
FromEq. 12.23: 

Cp jnix ^ ^ ^ 0.822 + ^ X 0.791 = 0.8065 kJ/kg K 

From the process equation 

1 W 2 = 0.5 X 0.1145 (320 - 270) = 2.863 kJ 

From the energy equation 

1 Q 2 = 0.5 X 0.8065 (320 - 270) = 20.16 kJ 
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A piston/cylinder contains 0.5 kg argon and 0.5 kg hydrogen at 300 K, 100 kPa. 
The mixture is compressed in an adiabatic process to 400 kPa by an external force 
on the piston. Find the final temperature, the work and the heat transfer in the 
process. 

Solution: 

C.V. Mixture in cylinder. Control mass with adiabatie process: 1 Q 2 = 0 
Cont.Eq.: m 2 = mj = m ; Energy Eq.5.11: m(u 2 - uj) = - 1 W 2 
Entropy Eq.8.14: m(s 2 - s^) = j dQ/T + ^82 gen ^ 0 + 0 
Proeess: adiabatic and assumed reversible gives isentropie. 

Rmix = X qRi = 0.5 X 0.2081 + 0.5 X 4.1243 = 2.1662 kJ/kg K 

Cp mix = X CiCpi = 0.5 X 0.52 + 0.5 x 14.209 = 7.3645 kJ/kg K 
Cy = Cp - R = 7.3645 - 2.1662 = 5.1983 kJ/kg K 
Ratio of specifie heats: k = Cp / Cy = 1.417 

The constant s (isentropie) process from Eq.8.32 

S2 = si => T2 = Ti(P2/Pi)^’"'^^^'' = 300(400/100)®-2^4^ = 451 K 
The energy equation gives the work as 

1 W 2 = m(ui - U 2 ) = mCy (T 1 - T 2 ) 

= 1x5.1983(300 - 451) = -784.9 kJ 
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Natural gas as a mixture of 75% methane and 25% ethane by mass is flowing to a 

eompressor at 17°C, 100 kPa. The reversible adiabatic compressor brings the flow 
to 250 kPa. Find the exit temperature and the needed work per kg flow. 

Solution: 

C.V. Compressor. Steady, adiabatic q = 0, reversible Sgg^ = 0 
Energy Eq.6.13: -w = hg^ - hj^ ; Entropy Eq.9.8: Sj + Sgg^ = Sg 
Process: reversible => Sggn = 0 => Sg = sj 

Assume ideal gas mixture and constant heat capacity, so we need k and Cp 
From Eq.12.15 and 12.23: 

Rmix = X qRi = 0.75 X 0.5183 + 0.25 x 0.2765 = 0.45785 kJ/kg K 

Cpmix = X qCpi = 0.75 X 2.254 + 0.25 x 1.766 = 2.132 kJ/kg K 
Cy = Cp mix - Rmix = 2.132 - 0.45785 = 1.6742 kJ/kg K 
Ratio of specific heats: k = Cp/ Cy = 1.2734 

The isentropic process gives Eq.8.32 

Tg = Tj (Pg/ Pi)(k-l)/k = 290 (250/100) = 353 K 

Work from the energy equation: 

Wg in = Cp (Tg- Tj) = 2.132 (353 - 290) = 134,3 kJ/kg 
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12.51 

A mixture of 2 kg oxygen and 2 kg of argon is in an insulated piston cylinder 
arrangement at 100 kPa, 300 K. The piston now compresses the mixture to half its 
initial volume. Find the final pressure, temperature and the piston work. 

Solution: 

C.V. Mixture. Control mass, boundary work and no Q, assume reversible. 
Energy Eq.5.11: U 2 - ui = iq 2 - 1 W 2 = - 1 W 2 ; 

Entropy Eq.8.14: S 2 -S 1 = 0 + 0 = 0 

Process: constants => Pv*^ = constant, V 2 = vi/2, 

Assume ideal gases (T^ » T,- ) and use and Cyjjjjx for properties. 

Eq.12.15: = S CjRi = 0.5 x 0.25983 + 0.5 x 0.20813 = 0.234 kJ/kg K 

Eq.12.23 = S CjOpi = 0.5 x 0.9216 + 0.5 x 0.5203 = 0.721 kJ/kg K 



vmix 


= c 


Pmix 


- Rmix = 0-487 kJ/kg K 


Ratio of specific heats: = Cp^jj^x/Cymix ^ ^ -4805 

The relations for the polytropic process 
Eq.8.34: P 2 = Pi(vi/v 2 )’" = Pi(2)’" = 100(2)l-^*°^ = 279 kPa 
Eq.8.33: T 2 = Ti(vi/v 2 )'"'l = Ti(2)'"-1 = 300(2)‘^-4^°^ = 418.6 K 

Work from the energy equation 

1 W 2 = mtj,t (ui - U 2 ) = mt„t Cy(Ti - T 2 ) = 4x0.487 (300 - 418.6) = -231 kJ 
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The substance R-410a, see Problem 12.48 is at 100 kPa, 290 K. It is now brought 
to 250 kPa, 400 K in a reversible polytropic process. Find the change in specific 
volume, specific enthalpy and specific entropy for the process. 

Solution: 

Eq.12.15: = S CiRj = ^ x 0.1598x 0.06927 = 0.1145 kJ/kg K 

Eq.12.23: = S CjCpi = ^ x 0.822x 0.791 = 0.8065 kJ/kg K 

vi = RTi/Pj = 0.1145 X 290/100 = 0.33205 m^/kg 
V 2 = RT 2 /P 2 = 0.1145 X 400/250 = 0.1832 m^/kg 
V 2 - vj = 0.1832 - 0.33205 = -0.14885 m^/kg 

h2 - hi = Cp^ix (T 2 - Ti) = 0.8065 (400 - 290) = 88.72 kJ/kg 
From Eq. 12.24 

S2 - Si = Cp^ix ln(T2 / Ti) - R^i^ ln(P2 / Pi) 

= 0.8065 In (400/290) - 0.1145 In (250/100) = 0.154 kJ/kg K 
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12.53 


Two insulated tanks A and B are eonneeted by a valve. Tank A has a volume of 1 

a '7 

m and initially eontains argon at 300 kPa, 10°C. Tank B has a volume of 2 m 
and initially eontains ethane at 200 kPa, 50°C. The valve is opened and remains 
open until the resulting gas mixture comes to a uniform state. Determine the final 
pressure and temperature. 

Solution: 

C.V. Tanks A + B. Control mass no W, no Q. 

Energy Eq.5.11: U 2 -U 1 = 0 = mArCvo(T 2 -TAi) + mc 2 H 6 ^Vo(T 2 - Tbi) 

niAr = PaiVa/RTai = (300 X 1) / (0.2081 x 283.15) = 5.0913 kg 
mc 2 H 6 = PbiVb/RTri = (200 x 2) / (0.2765 x 323.15) = 4.4767 kg 
Continuity Eq.: m 2 = mAi- + = 9.568 kg 

Energy Eq.: 5.0913 x 0.312 (T 2 - 283.2) 

+ 4.4767 X 1.490 (T 2 - 323.2) = 0 

Solving, T 2 = 315.5 K 


Rmix - ^ 


5.0913 4.4767 

CjRi = g X 0.2081 + ^ X 0.2765 = 0.2401 kJ/kg K 


P 2 = m 2 RT 2 /(VA+VB) = 9.568 x 0.2401 x 315.5/3 = 242 kPa 
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12.54 

A compressor brings R-410a (see problem 12.48) from -10 °C, 125 kPa up to 500 
kPa in an adiabatic reversible compression. Assume ideal gas behavior and find 
the exit temperature and the specifie work. 

Solution: 

C.V. Compressor 

Proeess: q = 0 ; adiabatic and reversible. 

Energy Eq.6.13: w = hi-hg; 

Entropy Eq.9.8: Sg = Sj + Sgg^ + j dq/T = sj + 0 + 0 = Sj 
From Eq.12.15: 

Rmix = ZciRi = ^ X 0.1598+1 X 0.06927 = 0.1145 kJ/kgK 
FromEq. 12.23: 

Cpmix = ^ X 0.822+^ X 0.791 =0.8065 kJ/kgK 

Rmix/ Cpmix = 0.1145/0.8065 = 0.14197 
For constant s, ideal gas and use constant specific heat as in Eq.8.29 

Tg/Ti = (Pg/PO^^P 

014197 

Tg = 263.15 X (500/125) = 320.39 K 

w ^ Cp^ix( Tj - Tg) = 0.8065 (263.15 - 320.39) 

= -46.164 kJ/kg 
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12.55 


A mixture of 50% carbon dioxide and 50% water by mass is brought from 1500 
K, 1 MPa to 500 K, 200 kPa in a polytropic process through a steady state device 
Find the necessary heat transfer and work involved using values from Table A. 5. 

Solution: 


Process Pv = constant leading to 
n ln(v 2 /vi) = ln(Pi/P 2 ); v = RT/P 


n = In 


r iooo 

200 


V 


/in 


r 


j 


V 


500 X 1000 
200 X 1500 


= 3.1507 


y 


Eq.12.15: = S cjRi = 0.5 x 0.1889 + 0.5 x 0.4615 = 0.3252 kJ/kg K 


Eq.12.23: ^ CiCpj = 0.5 x 0.8418 + 0.5 x 1.872 = 1.3569 kJ/kg K 

Work is from Eq.9.19: 

w = -/vdP = - ^ (PeVe - PjVi) = - ^ (Te - Ti) = 476.4 kJ/kg 

Heat transfer from the energy equation 

q = hg - hj + w = Cp(Tg - Tj) + w = -880.5 kJ/kg 
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Solve Problem 12.55 using speeific heats Cp = Ah/AT, from Table A.8 at 1000 K. 

A mixture of 50% carbon dioxide and 50% water by mass is brought from 1500 
K, 1 MPa to 500 K, 200 kPa in a polytropic process through a steady state device. 
Find the necessary heat transfer and work involved using values from Table A.5. 

Solution: 


Using values from Table A.8 we estimate the heat capacities 


C 


1096.36 - 849.72 


PC02 


1100 - 900 1-2332 kJ/kg K 


C 


PH20 


2226.73 - 1768.6 
1100 - 900 


= 2.2906 kJ/kg K 


Eq.12.23: = S CiCpj = 0.5 x 1.2332 + 0.5 x 2.2906 = 1.7619 kJ/kg K 


Eq.12.15: = S cjRi = 0.5 x 0.1889 + 0.5 x 0.4615 = 0.3252 kJ/kg K 


Process Pv" = C => n = ln(Pi/P 2 ) / ln(v 2 /vi) andusePv = RT 


n = In 


r iooo 

200 


V 


/in 




J 


500 X 1000 




V 


200 X 1500 


= 3.1507 


y 


Work is from Eq.9.19 


= -/vdP = - ^ (PeVe - PjVi) = - ^ (Te - Ti) = 476.4 kJ/kg 


w 


Heat transfer from energy equation 

q = he-hi+ w= 1.7619(500- 1500) + 476.4 = -1285.5 kJ/kg 
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A 50/50 (by mass) gas mixture of methane CH 4 and ethylene C 2 H 4 is eontained 

'2 

in a eylinder/piston at the initial state 480 kPa, 330 K, 1.05 m . The piston is now 
moved, eompressing the mixture in a reversible, polytropie process to the final 

state 260 K, 0.03 m . Calculate the final pressure, the polytropie exponent, the 
work and heat transfer and entropy change for the mixture. 


Solution: 

Ideal gas mixture: CH 4 , C 2 H 4 , 50% each by mass => c^h^ = ^€ 2^4 ^ 


= S CiRi = 0.5 X 0.5183 + 0.5 x 0.2964 = 0.40735 kJ/kg K 

Cvmix = X q Cvi = 0.5 X 1.736 + 0.5 x 1.252 = 1.494 kJ/kg K 
State 1: m = PiVj/R^ixTi = 480 x 1.05 / (0.40735 x 330) = 3.7493 kg 

State 2: T 2 = 260 K, V 2 = 0.03 m^. Ideal gas PV = mRT so take ratio 


=> P2 = Pl 


Vi T2 


V2T1 


= 13 236 kPa 


Process: PV" = constant and PV = mRT gives 


To fVi^n-1 


T 


1 


\^2J 


T V 

ln;fr = (n-l) In^ => n = 0,933 

^1 ''2 

also for this process we get Eq.8.38 or Eq.4.4 

=> 1 W 2 = I P dV = (P 2 V 2 - PiVi) = -1595.7 kJ 

Energy Eq.: 1 Q 2 = U 2 - Ui + 1 W 2 = m Cvmix (T 2 - Ti) + 1 W 2 

= 3.7493 X 1.494(260 - 330) - 1595.7 = -1988 kJ 
Change of entropy from Eq.8.26 

S2 - Si = Cvmix In (T 2 / Ti) + R^ix In (V 2 / Vj) 

= 1.494 ln( 260 / 330 ) + 0.40735 ln( 0.03 / 1.05 ) 

= -1.8045 kJ/kg K 

and 

S 2 - Sj = m(s2 - si) = 3.7493 (-1.8045) = - 6.7656 kJ/K 
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The gas mixture from Problem 12.31 is compressed in a reversible adiabatic 
process from the initial state in the sample cylinder to a volume of 0.2 L. 
Determine the final temperature of the mixture and the work done during the 
process. 

Solution: 

From Eq.12.15 

Rmix = Z qRi = 0.02 X 4.1243 + 0.45 x 0.2968 + 0.28 x 0.1889 

+ 0.25 X 0.2968 = 0.34314 kJ/kg K 
m = PV/RmixT = 100x10-^/(0.34314x 293.15) = 9.941x10-^ kg 

Cyo MIX = Z Cj Cyp j = 0.02 X 10.085 + 0.45 x 0.744 

+ 0.28 X 0.653 + 0.25 x 0.745 = 0.9056 kJ/kg K 
Cpo Mix ~ Mix ^ Rmix ~ 0.9056 + 0.34314 = 1.2487 kJ/kg K 

^ k = Cpo/Cvo = 1.2487/0.9056 = 1.379 
The process (adiabatic and reversible) is isentropic expressed in Eq.8.32 

/Vi\k -1 / 1 \ 0.379 

^T2 = Ti(^J =293.15(^J = 539.5 K 

1 W 2 = - AU 12 = -mCvo(T 2 -Ti) 

= - 9.941x10-'^ X 0.9056 x (539.5 - 293.15) = - 0.22 kJ 
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12.59 


mixture of 50% CO 2 and 50% O 

pressure heat exehanger from 400 K to 1000 K by a radiation source at 1400 K. 
Find the rate of heat transfer and the entropy generation in the process. 

Solution: 

C.V. Heat exchanger w = 0 
Energy Eq.6.12: Qin = m(he - hj) 


2 by mass is heated in a constant 


A flow of 2 kg/s 


Values from Table A.8 due to the high T. 

Qin = 2 X (971.67 - 303.76) + ^ x (980.95 - 366.03)] = 1282.8 kW 
Entropy Eq.9.8: rhgSg = rhiS i + Q/Ts + Sggn 

As the pressure is constant the pressure correction in Eq.8.28 drops out to give 
the generation as 

^gen ~ '^(^e " ®i) " 

= 2 [|x (6.119-5.1196)+ ^x (7.6121 -6.6838)] - 1282.8/1400 

= 1.01 kW/K 


\ 


1400 K 


/ 


Radiation 


1 
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Carbon dioxide gas at 320 K is mixed with nitrogen at 280 K in an insulated 
mixing ehamber. Both flows are at 100 kPa and the mass ratio of carbon dioxide 
to nitrogen is 2:1. Find the exit temperature and the total entropy generation per 
kg of the exit mixture. 

Solution: 


CV mixing chamber. The inlet ratio is so riic 02 “ ^ ^N 2 assume no 
external heat transfer, no work involved. 

Continuity Eq.6.9: ^ ^ 


Energy Eq.6.10: 


mj^ 2 (hN 2 + 2 hf^oo) = 3m>.T-h„; 


C 02 


^N2 mix ex 


Take 300 K as reference and write h - h3oo + Cpjjjix(T - 300). 

Cp N 2 ■ 3^^) 2Cp C 02 ("^i CO 2 ' ^ mix(Tmix ex ' ^00) 

Cp mix = Z CiCp i = IX 0.842 + j X 1.042 = 0.9087 kJ/kg K 



T 

mix ^ mix ex 




+ 2C 


P C 02 "f^i CO 2 


= 830.64 kJ/kg 


T 


mix ex 


= 304.7 K; 


To find the entropies we need the partial pressures, which assuming ideal gas 
are equal to the mole fractions times the total pressure: 


Yi = [Ci/ Mi] / Z Cj/Mj 

, 0.3333 0.6666 

yN 2 “ [0-3333 / 28.013] / [23 013 44 .OI ^ 


yco2 “ 1 “ Ynt ~ 0.56 


Sgen ^ex^ex " (^®)iC02 ” (^®)iN2 


lilN2(®e ■ Si)N2 2mN2(Se - Si)co2 


S 


sen 1 ^ex 2 

3 m.T_ " 3 [^PN2ln ^ yN2 ] + 3 [Cpco2ln yc02] 


T 


ex 


LN2 ^ i 1N2 

1 304 7 

= j [ 1.042 ln(-^^) - 0.2968 In 0.44 ] 


1 CO 2 


2 304 7 

+ 3 [ 0.842 ln(^^) - 0.1889 In 0.56 ] 

= 0.110585 + 0.068275 

= 0.1789 kJ/kg mix K 
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Take Problem 12.60 with inlet temperature of 1400 K for the earbon dioxide and 
300 K for the nitrogen. First estimate the exit temperature with the speeifie heats 
from Table A. 5 and use this to start iterations using A. 8 to find the exit 
temperature. 

Solution: 


CV mixing ehamber. The inlet ratio is so 



external heat transfer, no work involved. 


and assume no 


Continuity Eq.6.9: m>,T- + 2mxT_ = m„^ = 3m 


^N 2 


^N 2 


N 2 


Energy Eq.6.10: mN 2 (hN 2 + 2 hco 2 ) = 3mN2hmi 


mix ex 


2 1 

Cp mix = X CiCp i = 3 X 0.842 + j X 1.042 = 0.9087 kJ/kg K 

Take 300 K as referenee and write h - h3oo + Cpjjjix(T - 300). 

Cp N 2 (Ti N 2 ■ 300) + 2Cp C02(2’i CO 2 ■ 300) = 3Cp mix(Tmix ex ' 300) 


• T • 

mix ^ mix ex 


= c 


P N2"f^i N2 2Cp C 02 "^i CO2 


= 1.042 X 300 + 2 X 0.842 xl400 = 2669.6 kJ/kg 


^ ex = 979.3 K 


A more aeeurate answer results from using the ideal gas Tables. 

From Table A.8: Eihi^ hj^ = [2 x 1482.87 + 1 x 311.67] = m>,T- x 3277.4 




lOOOK 


HOOK 


'N 2 


Sm^„ h..., = mxT- [2 x 971.67 + 1075.91] = rhxT- x 3019.3 


ex ^^ex 


^N 2 


^N2 


Erngx hgx = [2 x 1096.36 + 1193.62] = m^^j^ x 3386.34 


Now linear interpolation between 1000 K and 1100 K 

3277.4 - 3019.3 

Tex = 1000 + 100 X 338534 .3019.3 ^ ^ 
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Carbon dioxide gas at 320 K is mixed with nitrogen at 280 K in an insulated 
mixing ehamber. Both flows are coming in at 100 kPa and the mole ratio of 
carbon dioxide to nitrogen is 2:1. Find the exit temperature and the total entropy 
generation per kmole of the exit mixture. 


CV mixing chamber, steady flow. The inlet ratio is n^Q = 2 h^ and 
assume no external heat transfer, no work involved. 


Continuity: h,-Q + 2% = h..., = 3h 


ex 


N2’ 


Energy Eq.: n^ThN., + 2hcoJ = 3mTTi™; 


N2 mix ex 


Take 300 K as reference and write h = 6300 + Cpjjiix(T - 300). 


= 3C 


(T 


P mix mix ex 


- 300) 


CpN2(TiN2 - 300) + 2Cp 002^"^! CO 2 ' 

Find the specific heats in Table A.5 to get 

Cpmix = Z YiCp i = (1.042 X 28.013 + 2 x 0.842 x 44.01)/3 

= 34.43 kJ/kmol K 

3Cp mixTmix ex = Cp N 2 Ti N 2 + 2Cp co 2 "^i CO 2 = 31889 kJ/kmol 

Tfflix ex = 308,7 K 

Partial pressures are total pressure times molefraction 

Pex N 2 ^ Ptot/3; Pex CO 2 ^ 2Ptot/3 

Sgen = ^ex^ex ' (ns)iC 02 ' ^ ^ 2(^6 ' Si)N 2 + ^^^(Sg - Si)c 02 

A . Tex , Tgx 

Sggn/3nj.j = [CpN In - Rln yj.j + 2Cp(2Q In - 2 Rln yco2]/3 

^ ^ i- 1 N 2 ^ Z 1 1 CO 2 ^ 

= [2.8485 + 9.1343 - 2.6607+6.742J/3 = 5.35 kJ/kmol mix K 




1 N 


2 CO 2 





Jzzi 


MIXING 

CHAMBER 


S 




gen 




3 Mix 
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Take Problem 12.62 with inlet temperature of 1400 K for the earbon dioxide and 
300 K for the nitrogen. First estimate the exit temperature with the speeifie heats 
from Table A. 5 and use this to start iterations using A. 9 to find the exit 
temperature. 

CV mixing ehamber, steady flow. The inlet ratio is n(-Q = 2 hj.f and 
assume no external heat transfer, no work involved. 

Cp CO, = 44.01 X 0.842 = 37.06 ; CpN = 28.013 x 1.042 = 29.189 kJ/kmol K 

Continuity Equation: 0 = En^n - Shg^; 

Energy Equation: 0 = Enj^ hj^^ - Ehg^ hex 

0 = 2nj.f2 Cp 

0 = 2 X 37.06 X (1400-Tgx) + 29.189 x (300-TgJ 
0= 103768 + 8756.7- 103.309 Tgx ^ Tgx = 1089K 


co2(T 


- T 

m ^ ex 


) CO2 ^N2 Cp N2 (Tin- Tex) 




From Table A.9: Enj^ hj^j = hj,f [2 x 55895 + 1 x 54] = % x 111844 

@ lOOOK : Ehgx hex = [2 x 33397 + 21463] = riN, x 88257 

@ HOOK : Ehgx hgx = riN^ [2 x 38885 + 24760] = riN, x 102530 

@ 1200K : Ehgx hex = [2 x 44473 + 28109] = riN, x 117055 

Now linear interpolation between 1100 K and 1200 K 

111844-102530 

Tgx - 1100 + 100 X 1 17055.102530 “ ^ 
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The only known sources of helium are the atmosphere (mole fraction approximately 

5 X 10“^) and natural gas. A large unit is being constructed to separate 100 m^/s of 
natural gas, assumed to be 0.001 He mole fraction and 0.999 CH 4 . The gas enters the 

unit at 150 kPa, 10°C. Pure helium exits at 100 kPa, 20°C, and pure methane exits at 
150 kPa, 30°C. Any heat transfer is with the surroundings at 20°C. Is an electrical 
power input of 3000 kW sufficient to drive this unit? 


0.999 CH 4 
0.001 He 
at 150 kPa, 10 °C 

Vj = 100 m^/s 



P 2 = lOOkPa 
T 2 = 20 °C 

P 3 = 140 kPa 
T 3 = 30 °C 


hj =PiVi/RTi = 150x100/(8.3145x283.2) = 6.37 kmol/s 
=> h 2 = 0.001; hj = 0.006 37; % = 6.3636 kmol/s 
CpHe= 4.003x5.193 = 20.7876 kJ/kmol K, 

Cp ch 4 = 16.043x 2.254 = 36.1609 kJ/kmol K 

Qcv ^ %h 2 + ^3^3 ■ W( 2 V = n 2 CpoHe(T 2 -Ti) + ^Cpg CH4(T3-Ti) + W^y 
= 0.00637x20.7876(20-10)+6.3636x36.1609(30-10)+(-3000) = +1600 kW 

Sgen ^ ^ 2^2 + ^3^3 ‘ ^ 1^1 ' Qcv/Tq 

[ 293.2 100 1 

20.7876 In^^TA - 8.3145 In „ 777 : 

283.2 0.001x150-* 

r 303.2 140 1 

+ 6.3636|_36.1609 In^^y^- 8.3145 ■ 1600/293.2 


= +13.5 kW/K > 0 
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A flow of 1 kg/s carbon dioxide at 1600 K, 100 kPa is mixed with a flow of 2 kg/s 
water at 800 K, 100 kPa and after the mixing it goes through a heat exehanger 
where it is eooled to 500 K by a 400 K ambient. How mueh heat transfer is taken 
out in the heat exehanger? What is the entropy generation rate for the whole 
process? 

Solution: 



C.V. Total mixing section and heat exchanger. Steady flow and no work. To do 
the entropy at the partial pressures we need the mole fractions. 


^H 20 ^^^H 2 o/Mh 20 ^ 2 /18.015 = 0.11102 kmol/s 
^C 02 ^ i^co 2 /Mco 2 ^ 1 / 44.01 = 0.022722 kmol/s 


0.11102 

yH20 ~ 0.11102 + 0.022722 ~ 0-8301, yco2 ~ 1 “ yH20 ~ 0.1699 


Energy Eq.: 


’^H20 ^1 + ^C02 ^2 - Qcool ’^H20 ^^4 H20 J^C02 ^4 C02 


W 

Entropy Eq.: 111^20 §1 + mco2 §2 + Sgen = + mH2o §4 h20 + ^002 S4 C02 


amb 


As T is fairly high we use Table A.8 for properties on a mass basis. 

1 2 4 H20 

h [kJ/kg] 1550.13 1748.12 935.12 

12.4244 6.7254 11.4644 


0 

T 


[kJ/kg K] 


4C02 

401.52 

5.3375 


Qcool “ '^H20 (hi - ^4 H2o) + hl(-Q2 (h2 - 64 (2Q2) 

= 2 (1550.13-935.12)+ 1 (1748.12 - 401.52) = 2577 kW 


S„^„ - mH20 (S 4 H20 “ Si) ^C02 (S 4 C02 “ ^ 2 ) + 


Qcool 


gen 


T 


amb 


= 2 [11.4644 - 12.4244 - 0.4615 ln(0.8301) ] 

+ 1 [5.3375-6.7254-0.1889 ln(0.1699)] + 


2577 

400 


= -1.74813 - 1.05307 + 6.4415 = 3.64 kW/K 
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A mixture of 60% helium and 40% nitrogen by mass enters a turbine at 1 MPa, 
800 K at a rate of 2 kg/s. The adiabatic turbine has an exit pressure of 100 kPa 
and an isentropic efficiency of 85%. Find the turbine work. 

Solution: 

Assume ideal gas mixture and take CV as turbine. 

Energy Eq.6.13: Wj ^ = hi - hg,, 

Entropy Eq.9.8: Sg^ = Si, adiabatic and reversible 

Process Eq.8.32: Tg^ = Ti(Pg/Pi)<^'"-l^^'" 

Properties from Eq. 12.23, 12.15 and 8.30 

Cpmix = 0-6x 5.193 + 0.4x 1.042 = 3.5326 kJ/kg K 

Rmix = 0.6x 2.0771 + 0.4x 0.2968 = 1.365 kJ/kg K 
(k-l)/k = R/Cp mix = 1.365/3.5326 = 0.3864 

Tg, = 800(100/1000)®'^^^'^ = 328.6 K 

wts = Cp(Ti - Tgs) = 3.5326(800 - 328.6) = 1665 kJ/kg 

wy ac ^ ^ 1415.5 kJ/kg 

Wt ac = mWT ac = 2831 kW 
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Repeat Problem 12.50 for an isentropie eompressor effieiency of 82%. 
Solution: 

C.V. Compressor. Steady, adiabatic q = 0, reversible Sgg^ = 0 
Energy Eq.6.13: -w = ; Entropy Eq.9.8: Sj + Sgg^ = Sj = Sg 

Process: reversible => Sgg^ = 0 => Sg = sj 

Assume ideal gas mixture and constant heat capacity, so we need k and Cp 
From Eq.12.15 and 12.23: 

Rmix = S qRi = 0.75 X 0.5183 + 0.25 x 0.2765 = 0.45785 kJ/kg K 

Cpmix = X qCpi = 0.75 X 2.254 + 0.25 x 1.766 = 2.132 kJ/kg K 
Cy = Cp mix - Rmix = 2.132 - 0.45785 = 1.6742 kJ/kg K 
Ratio of specific heats: k = Cp/ Cy = 1.2734 

The isentropie process gives Eq.8.32 

Tg = Tj (Pg/ Pi)(k-l)/k = 290 (250/100) = 353 K 

Work from the energy equation: 

Wg in = Cp (Tg- Tj) = 2.132 (353 - 290) = 134.3 kJ/kg 
The actual compressor requires more work 
Wc actual = Wg in/ri = 134.3/0.82 = 163.8 kJ/kg = Cp (Tg - Ti) 

=> Tg actual = T + Wg actuai/Cp = 290 + 163.8 / 2.132 = 366.8 K 
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A large air separation plant takes in ambient air (79% N 2 , 21% O 2 by mole) at 
100 kPa, 20°C, at a rate of 25 kg/s. It discharges a stream of pure O 2 gas at 200 
kPa, 100°C, and a stream of pure N 2 gas at 100 kPa, 20°C. The plant operates on 

an electrical power input of 2000 kW. Calculate the net rate of entropy change for 
the process. 


Air 79 % N 2 
21 % O 2 
Pj = 100 kPa 

Ti = 20 °C 

m^ = 25 kg/s 




-Win = 2000 kW 


P 2 = 200 kPa 
T 2 = 100 °C 

P 3 = 100 kPa 

T3 = 20 T 


Solution: 

To have the flow terms on a mass basis let us find the mass fractions 


From Eq. 12.3: Cj = yj Mj/ X yjMj 

C 02 = 0.21 X 32 /[0.21 X 32 + 0.79 x 28.013] = 0.23293 ; 

Cat- = 1 - Cr^_ = 0.76707 


’N2 


02 


m 2 = CQ^mi = 5.823 kg/s ; m 3 = CN 2 ini = 19.177 kg/s 
The energy equation, Eq.6.10 gives the heat transfer rate as 

QcV ^ ^ mAhj + W(2v = 1^02^PO 02("*"2“Ti) + mN 2 CpoN 2 (T 3 “ Ti) + W(2v 

= 5.823 X 0.922 x(100-20) + 0 - 2000 = -1570.5 kW 
The entropy equation, Eq.9.7 gives the generation rates as 

Sgen = ^ mi^Si - Qcv/Tq = (m 2 S 2 + m3S3 - ihiSi) - Qcv/Tq 

Use Eq.8.25 for the entropy change 


[ 373 2 2001 

0.922 In 293 2 “ 0.2598 

+ 19.177 [0-0.2968 In (100/79)] =-3.456 kW/K 
Sgen = 1570.5/293.2 - 3.456 = 1.90 kW/K 
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A steady flow of 0.3 kg/s of 50% carbon dioxide and 50% water by mass at 
1200K and 200 kPa is used in a heat exchanger where 300 kW is extracted from 
the flow. Find the flow exit temperature and the rate of change of entropy using 
Table A. 8. 

Solution: 

C.V. Heat exchanger, Steady, 1 inlet, 1 exit, no work. 

Continuity Eq.: C(;^q2 = 0^20 ^ 

Energy Eq.: Q = m(hg - hj) => hg = hj + Q/m 


Inlet state: Table A.8 hj = 0.5 x 1223.34 + 0.5 x 2466.25 = 1844.8 kJ/kg 
Exit state: hg = hj + Q/m = 1844.8 - 300/0.3 = 844.8 kJ/kg 
Trial and error for T with h values from Table A.8 


@500 K hg = 0.5(401.52 + 935.12) = 668.32 kJ/kg 

@600 K hg = 0.5(506.07 + 1133.67) = 819.87 kJ/kg 

@650 K hg = 0.5(560.51 + 1235.30) = 897.905 kJ/kg 

Interpolate to have the right h: T = 616 K 
Entropy Eq.9.8: riiSg = msj + Q/T + Sggjj 

The rate of change of entropy for the flow is (P is assumed constant) 



= 0.3[ 0.5(5.5558 - 6.3483) + 0.5(11.8784 - 13.3492) ] 

= -0.339 kW/K 

The entropy generation rate cannot be estimated unless the average T at which 
the heat transfer leaves the control volume is known. 
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A steady flow of 0.01 kmol/s of 50% carbon dioxide and 50% water at 1200K and 
200 kPa is used in a heat exchanger where 300 kW is extracted from the flow. 
Find the flow exit temperature and the rate of change of entropy using Table A.9. 

C.V. Heat exchanger, Steady flow, 1 inlet, 1 exit, no work. 

Continuity Eq.: yco2 = yH 20 = 0 • 5 

Energy Eq.: Q = m(hg - hj) = n(hg - hj) => hg = hj + Q/n 

Inlet state: Table A.9 hj = 0.5 x 44473 + 0.5 x 34506 = 39489.5 kJ/kmol 

Exit state: hg = hj + Q/n = 39489.5 - 300/0.01 = 9489.5 kJ/kmol 

Trial and error for T with h values from Table A.9 
@500 K iig = 0.5(8305 + 6922) = 7613.5 kJ/kmol 

@600 K iig = 0.5(12906 + 10499) = 11702.5 kJ/kmol 

Interpolate to have the right h: T = 545.9 K 
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A flow of 1.8 kg/s steam at 400 kPa, 400°C is mixed with 3.2 kg/s oxygen at 400 
kPa, 400 K in a steady flow mixing-ehamber without any heat transfer. Find the 
exit temperature and the rate of entropy generation. 

C.V. Mixing chamber, steady flow, no work, no heat transfer. To do the entropies 
we need the mole fractions. 

mjj 2 o 1 8 3 2 

yH 2 o ^ yo 2 ^ 0-5 

Energy Eq.: mH 2 o hj + mo 2 h 2 = mH 20 h mo + ^02 h 02 

Entropy Eq.: mH 2 o Sj + mo 2 §2 + = mH 2 o S 3 h 20 + ^02 S 3 02 

Solve for T from the energy equation 

l^H20 (^3 H20 “ hj) + mQ 2 (h 3 q 2 - h 2 ) = 0 

I^H 20 Cp H2 o(T3 “ Tj) + mQ 2 Cp 02(^3 - T 2 ) = 0 

1 .8 X 1.872 (T 3 - 400 - 273.15) + 3.2 X 0.922(T3 - 400) = 0 

T 3 = 545.6 K 

Sgen ^ I^H20 (S 3 H20 “ Sj) + mo 2 (S 3 02 “ S 2 ) 

T 3 , T 3 

^ ^^H 20 [ H 20 In ^ - R In yH 2 o 1 ^02 [ Cp 02 ^ yo 2 ] 

= 1.8 [ 1.872 In ^^-0.4615 In 0.5 ] 

+ 3.2 [ 0.922 In - 0.2598 In 0.5 ] 


= - 0.132+ 1.492 = 1.36 kW/K 
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A tank has two sides initially separated by a diaphragm. Side A contains 1 kg of 
water and side B contains 1.2 kg of air, both at 20°C, 100 kPa. The diaphragm is 
now broken and the whole tank is heated to 600°C by a 700°C reservoir. Find the 
final total pressure, heat transfer and total entropy generation. 

C.V. Total tank out to reservoir. 

Energy Eq.5.11: U 2 - Ui = ma(u 2 - ui)a + my(u 2 - ui)^ = 1 Q 2 
Entropy Eq.8.14 and 8.18: 

^2 " ^1 ~ ^a(®2 " ®l)a ^ '^v(®2 " ®l)v ~ lQ2^"^res ^gen 

Volume: V 2 = + Vg = m^Vyj + m^v^i = 0.001 + 1.009 = 1.01 m^ 

Vy2 = V2/my = 1.01, T 2 => P2v = 400kPa 

Va 2 = V 2 /ma = 0.8417, T 2 => P 2 a = mRT 2 /V 2 = 297.7 kPa 

P2tot = P2v + P2a = 697.7 kPa 
Water table B.l: uj = 83.95 kJ/kg, U 2 = 3300 kJ/kg, 

Si = 0.2966 kJ/kg K, S 2 = 8.4558 kJ/kg K 
Air table A.7: ui = 293 kJ/kg, U 2 = 652.3 kJ/kg, 

Sji = 2.492 kJ/kg K, Si’2 = 3.628 kJ/kg K 

From energy equation we have 

1 Q 2 = 1(3300 - 83.95) + 1.2(652.3 - 293) = 3647.2 kJ 
From the entropy equation we have 

Sgen= 1(8.4558 - 0.2966) + 1.2[3.628 - 2.492 - 0.287xln(301.6/100)] 

- 3647.2/973.2 = 5.4 kJ/K 



700 C 
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12.73 

Three steady flows are mixed in an adiabatic chamber at 150 kPa. Flow one is 2 
kg/s of O 2 at 340 K, flow two is 4 kg/s of N 2 at 280 K and flow three is 3 kg/s of 

CO 2 at 310 K. All flows are at 150 kPa the same as the total exit pressure. Find 

the exit temperature and the rate of entropy generation in the process. 


Solution: 

C.V. Mixing chamber, no heat transfer, no work. 

Continuity Eq.6.9: mj + 1112 + m 3 = 1114 

• • • « 
Energy Eq. 6 .10: mjhj + m 2 h 2 + m 3 h 3 = m 4 h 4 



Entropy Eq.9.7: m^sj + m 2 S 2 + m 3 S 3 + Sgg^ = m 4 S 4 

Assume ideal gases and since T is close to 300 K use heat capacity from A.5 
in the energy equation as 


o 2 (T 1 - T 4 ) + m 2 Cp n 2 (T 2 - T 4 ) + m 3 Cp co2(T3 - T 4 ) - 0 
2 X 0.922 X 340 + 4 X 1.042 x 280 + 3 x 0.842 x 310 


= (2 X 0.922 + 4 X 1.042 + 3 x 0.842 ) T 4 


=> 2577.06 = 8.538 X 4 => T 4 = 301.83 K 

State 4 is a mixture so the component exit pressure is the partial pressure. For 
each component Sg - Sj = Cp ln(Tg / Tj) - R ln(Pg / Pj) and the pressure 

ratio is Pg / Pj = y P 4 / Pj = y for each. 


_y m__^ 4 3 

32 ^28.013 ^44.01 


= 0.0625 + 0.1428 + 0.06817 = 0.2735 


0.0625 0.1428 0.06817 

y02 - 0.2735 “ ^-2285, yN2 - 0.2735 “ 0-5222, yco2 “ 0.2735 “ 0.2493 


The entropy generation becomes 


• • • • 

Sgen = mi(s4 - Si) + m2(s4 - S2) + m3(s4 - S3) 

= 2 [ 0.922 ln(301.83/340) - 0.2598 ln(0.2285)] 

+ 4 [ 1.042 ln(301.83/280) - 0.2968 ln(0.5222)] 
+ 3 [ 0.842 ln(301.83/310) - 0.1889 ln(0.2493)] 
= 0.5475 + 1.084 + 0.2399 = 1.871 kW/K 
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12.74 

Reconsider the Problem 12.53, but let the tanks have a small amount of heat 
transfer so the final mixture is at 400 K. Find the final pressure, the heat transfer 
and the entropy change for the process. 

C.V. Both tanks. Control mass with mixing and heating of two ideal gases. 


300x1 


“Ar PaiVa/RTai 8.3145x 283.2 0-1274 kmol 


200x2 


nc 2 H 6 - PbiVb/RTbi - 8.3145x323.2 “ 


Continuity Eq.: n 2 = n^j. + = 0.2763 kmol 

Energy Eq.: Ui'U] = nArCvo(T2‘TAi) + i^ComCyoCTi-TBi) = 1Q2 


P 2 = n 2 RT 2 /(VA+VB) = 0.2763x8.3145x400 / 3 = 306.3 kPa 


1 Q 2 = 0.1274x39.948x0.312(400 - 283.15) 

+ 0.1489x30.07x1.49(400 - 323.15) = 698.3 kJ 

^SsuRR = ■1Q2/TSURR’ ^SsYS = l^Ar^SAr + nc2H6^S(22Hg 

yAr = 0.1274/0.2763 = 0.4611 


ASAr = C T> Ar In 


T 2 - . yArP 2 


P Ar -p 


-Rln 


A1 


P 


A1 


.. 400 . 0.4611x306.3 

= 39.948x0.520 InTr^TTTT - 8.3145 In 


283.15 


300 


= 13.445 kJ/kmol K 


^Sc 2 H 6 - CC2H6 In j 


T 2 yC 2 H 6 P 2 


-Rln 


B1 


P 


B1 


400 . 0.5389x306.3 

= 30.07x1.766 In 223 ]^ 5 '8.3145 In 

= 12.9270 kJ/kmol K 

Assume the surroundings are at 400 K (it heats the gas) 

^ n^j-ASAr + nc2Hg^S(22Hg + ^SguRR 

= 0.1274x13.445 + 0.1489x12.9270 - 698.3/400 

= 1.892 kJ/K 
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Air- water vapor mixtures 
12.75 

Atmospheric air is at 100 kPa, 25°C and relative humidity 75%. Find the absolute 

humidity and the dew point of the mixture. If the mixture is heated to 30°C what 
is the new relative humidity? 

Solution: 

Eq.12.25: = (^ Pg = 0.75 x 3.169 = 2.377 kPa 

Eq. 12.28: w = 0.622 Pv/(Ptot - Py) = 0-622 x 2.377/(100 - 2.377) = 0.01514 
is the T such that Pg(T) = Py= 2.377 kPa 
B.1.1 => T = 20.2°C 

Heating => w is constant => Py is constant 
From Table B.1.1: Pg(30°C) = 4.246 kPa 

= Py/Pg = 2.377/4.246 = 0.56 or 56 % 
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12.76 

Consider 100 m of atmospheric air which is an air-water vapor mixture at 100 
kPa, 15°C, and 40% relative humidity. Find the mass of water and the humidity 
ratio. What is the dew point of the mixture? 

Solution: 


Air-vapor P = 100 kPa, T= 15 C, (j) = 40% 
Use Table B. 1.1 and then Eq.12.25 


P„ = P 


sat 15 


PyV 


= 1.705 kPa => P^ = (^ Pg = 0.4x 1.705 = 0.682 kPa 
0.682x100 


RyT 0.461x288.15 

Pa = Ptot- Pvl = 100 - 0.682 = 99.32 kPa 


99.32x100 


P^V 

= ^ = 0.287x288.15 ^ 


my 0.513 _ 

wi = = TT^TTr = 0.0043 

^ m^j 120.1 

Tdew is T when Py = Pg = 0.682 kPa; 
Table B. 1.2 gives T = 1.4“C 
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n.ii 

The products of combustion are flowing through a heat exchanger with 12% CO 2 , 
13% H 2 O and 75% N 2 on a volume basis at the rate 0.1 kg/s and 100 kPa. What is 

the dew-point temperature? If the mixture is cooled 10°C below the dew-point 
temperature, how long will it take to collect 10 kg of liquid water? 

Solution: 

Volume basis is the same as mole fraction 


yH20 “ 0-13; 

Table B.1.2 



= 0.13x100= 13 



Tdew = 50.95 V 


Cool to 40.95 °C < Tj)e^ so saturated 
yH20 ^ 7.805/100 = nH20(v/(%20(V ^ 0-^^) 


%20(v) 


= 0.07365 per kmol mix in 


Pg = 7.805 kPa 


^ nuQ = 0.13 - 0.07365 = 0.05635 

MmixIn = 0.12x44.01 + 0.13x18.015 + 0.75x28.013 = 28.63 kg/kmol 
^MlxiN ~ ^TOTAL^^Mlx IN ~ 0.1/28.63 = 0.003493 kmol/s 
hniQ coND ^ 0.003 493x0.05635 = 0.000 197 kmol/s 
or liiLiQcoND ^ 0.000 197 x 18.015 = 0.003 55 kg/s 
For 10 kg, takes 47 minutes 
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12.78 

A flow of 1 kg/s saturated moist air (relative humidity 100%) at 100 kPa, 10°C 

goes through a heat exehanger and comes out at 25°C. What is the exit relative 
humidity and how much power is needed? 

Solution: 

State 1 : (j)i = 1 ; Py = Pg= 1.2276 

Eq.12.28: w = 0.622 P^P^ = 0.622 x 1.2276/(100 - 1.2276) = 0.00773 
State 2 : No water added => W 2 = w^ => Py 2 = Pyi 


(1)2 = Pv2/Pg2 = 1.2276/3.169 = 0.387 or 39 % 

Energy Eq.6.10 

• • • 

Q = m2h2 - mihj = 62 - + wma( 62 - hj) 

mtot = riia + my = ma(l + wi) 


vapor 


Energy equation with Cp ^ir from A.5 and h’s from B.1.1 


« 

Q = 


m 


m, 


1 + Wj 


tot — ■‘^^■‘^tot .... 

Cp air (25 -10) + w (hg 2 - hgi) 


1 lx 0.00773 

= Yooff3 "" ^ -004(25 -10)+ ^ QQ.^.^3 (2547.17 - 2519.74) 

= 14.9445 + 0.210407 = 15.15 kW 
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12.79 

A new high-efficiency home heating system includes an air-to-air heat exchanger 
which uses energy from outgoing stale air to heat the fresh incoming air. If the 
outside ambient temperature is -10°C and the relative humidity is 30%, how 
much water will have to be added to the incoming air, if it flows in at the rate of 1 

m /s and must eventually be conditioned to 20°C and 40% relative humidity? 
Solution: 


Outside ambient air: Py^ = (t)iPGi = 0.30x0.2602 = 0.078 kPa 
Assuming Pj = P 2 = 100 kPa, => P^j = 100 - 0.078 = 99.922 kPa 


mA 


PaiVi 99.922x1 
RaTi 0.287x 263.2 228 kg/s 


0.078 


From Eq. 12.28: w^ = 0.622 x = 0.00049 


Conditioned to : T 2 = 20 °C, ^2 ^ 

Eq.12.25: Pv 2 = ^ 2 Pg 2 = 0.40 x 2.339 = 0.9356 => 

0.9356 

Eq. 12.28: W 2 = 0.622 x = 0.00587 

Continuity equation for water, 

rnpiQ IN = iiiA(w2 - Wj) = 1.3228(0.00587 - 0.00049) 

= 0.00712 kg/s = 25.6 kg/h 



OUTSIDE 


SIDE 
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12.80 

Consider a 1 m /s flow of atmospheric air at 100 kPa, 25°C, and 80% relative 
humidity. Assume this flows into a basement room where it cools to 15°C, 100 
kPa. How much liquid water will condense out? 


Solution: 


State 1: P„ = P 


sat25 


= 3.169 kPa => Py = ^P„ = 0.8 X 3.169 = 2.535 kPa 


PyV 


2.535 X 1 


mvi 


RyT 0.461 X 


298.15 O-Pkg/s 


Ayi Pyi 2.535 

wi —=0.622^^=0.622 .^^ .... = 0.0162 


mAl 


P 


A1 


100 -2.535 


0-0184 . 

"'Al=wi =0.0162= kg/® = “'A2 


(continuity for air) 


Check for state 2: 

Pgl 5 °C^ 1-^05 kPa < Pyi 
so liquid water out. 


State 2 is saturated ^2 ^ 100% , Py 2 = Pg 2 = 1.705 kPa 

«2 = 0.622= 0.622 .oJ/uOS = “•«>»* 

^v2 ^ ''''2^A2 ^ 0.0108 X 1.136 = 0.0123 kg/s 
^liq ^ ■ ^v2 ^ 0.0184 - 0.0123 = 0.0061 kg/s 

Note that the given volume flow rate at the inlet is not that at the exit. The 
mass flow rate of dry air is the quantity that is the same at the inlet and exit. 
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12.81 

A flow of 2 kg/s completely dry air at 100 kPa is cooled down to 10°C by 

spraying liquid water at 10°C, 100 kPa into it so it becomes saturated moist air at 
10°C. The process is steady state with no external heat transfer or work. Find the 
exit moist air humidity ratio and the flow rate of liquid water. Find also the dry air 
inlet temperature Ti. 

Solution: 

2: saturated Py = Pg = 1.2276 kPa and hfg (10°C)= 2477.7 kJ/kg 

Eq.12.25: W 2 = 0.622 x 1.2276/ (100 - 1.2276) = 0.00773 



C.V. Box 

Continuity Eq.: + ihjiq = m 1 + W 2 ) => 

ihiiq = W 2 liia = 0.0155 kg/s 

Energy Eq.: ma hai + miiq hf = liia (ha 2 + W 2 hg 2 ) 

hal - K 2 = Cpa (Tp T 2 ) = W 2 hg 2 - W 2 hf = W 2 hfg = 19.15 kJ/kg dry air 


=> Ti = 29.1°C 
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12.82 

A piston/cylinder has 100 kg of saturated moist air at 100 kPa, 5°C. If it is heated 
to 45°C in an isobarie process, find 1 Q 2 and the final relative humidity. If it is 

compressed from the initial state to 200 kPa in an isothermal process, find the 
mass of water condensing. 

Solution: 

Energy Eq.: m(u 2 - ui) = 1 Q 2 - 1 W 2 , 


Initial state 1: (j)! = 100%, Table B.1.1: Pyj = 0.8721 kPa, hy^ =2510.54 


Eq. 12.28 


P 


vl 


wi 0.622 p p 


0.8721 


tot ■ ^vl 


100 - 0.8721 


= 0.005472 


Eq. 12.26 with m^^ = m^^^ - myj = m^^^ - w^m^ gives 


Eq. 12.26 


= mtot/(l+ wi) = 99.456 kg, 
myi = wjm^ = 0.544 kg 


Case a: P = constant => jW 2 = mP(v 2 -vi) => 

1Q2 = m(u 2 - ui) + 1 W 2 = m(h 2 - hj) = maCp(T2 - Ti) + m(hy 2 - hyj) 

State 2: W 2 = wi, T 2 => Pv2^Pvl 

Table B.1.1: hy 2 = 2583.19 kJ/kg, Pg 2 = 9.593 kPa 


Eq. 12.25 


4)2 = ^ = ^^^ = 0.091 or 4)2 = 9.1% 


From the energy equation 

1 Q 2 = 99.456 X 1.004(45 - 5) + 0.544(2583.19 - 2510.54) = 4034 kJ 


Caseb: T = constant & 4>2=100% Py = Pg = 0.8721 kPa 


Pv2 Pv2 

W2 = 0.622 y- = 0.622 


0.8721 


a2 


Ptot2-Pv2 200 - 0.8721 


= 0.002724 


my2 = W2 m^ = 0.27 1 kg, mj^q = myj - my2 = 0,273 kg 
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12.83 

A saturated air-water vapor mixture at 20 °C, 100 kPa, is eontained in a 5-m^ 

closed tank in equilibrium with 1 kg of liquid water. The tank is heated to 80°C. 
Is there any liquid water in the final state? Find the heat transfer for the process. 



a) Since V^jq = m^^^Vp « 0.001 m^, « V 

(b = 1.00 ^ P , = P^i = 2.339 kPa 

vl G1 

Wj = 0.622X 2.339 /(lOO - 2.339) = 0.0149 



97.661x4.999 

0.287x293.2 


= 5.802 kg 


=> m =w,m = 0.086 kg 

vl 1 a ® 


At state 2: 


353.2 4.999 

P , = 97.66lx X ^ = 117.623 kPa 

a2 293.2 5 

Wmax2 =0.622 x 47.39/ 117.623 =0.2506 


But 


0.086+ 1.0 

''^2 actual” 5.802 ” ^MAX2 


^ No liquid at 2 


Qi 2 = ^2 - ^al) + “lv2 ^2 ' “^vl^vl ' ^liq 1% 1 

= 5.802 X 0.717(80 - 20) + 1.086 x 2482.2 - 0.086 x 2402.9 - 1 x 84.0 
= 249.6 + 2695.7 - 206.65 - 84 = 2655 kJ 
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12.84 

Ambient moist air enters a steady-flow air-eonditioning unit at 102 kPa, 30°C, 
with a 60% relative humidity. The volume flow rate entering the unit is 100 L/s. 
The moist air leaves the unit at 95 kPa, 15°C, with a relative humidity of 100%. 
Liquid condensate also leaves the unit at 15°C. Determine the rate of heat transfer 
for this process. 

Solution: 


State 1: Pyi = (^iPgi = 0.60x4.246 = 2.5476 
wi = 0.622 X 2.5476/(102 - 2.5476) = 0.01593 


mA 


PaiVi 99.45x0.1 , 

RaTi 0.287x 303.2 0-1143 kg/s 


Pv 2 = Pg 2 = 1-705, W 2 = 0.622 x 1.705/(95 - 1.705) = 0.01137 
Energy Eq.6.10: Qcy + mAhAi + myihvi = mAhA2 + ^Y2^A2 + ^3^L3 

Qcy/hlA = Cpoa(T2-Ti) + W2hy2 - Wihyi + (Wi-W2)hL3 

= 1.004(15-30) + 0.01137x2528.9 - 0.01593x2556.2 
+ 0.00456x63.0 = -26.732 kJ/kg air 
Qcy = 0.1143(-26.73) = -3.055 kW 



Sonntag, Borgnakke and van Wylen 


12.85 

Consider a 500-L rigid tank containing an air-water vapor mixture at 100 kPa, 

35°C, with a 70% relative humidity. The system is cooled until the water just 
begins to condense. Determine the final temperature in the tank and the heat 
transfer for the process. 

Solution: 

Pvl = (^Pgi = 0.7x5.628 = 3.9396 kPa 
Since m^ = const & V = const & also Py = Pg 2 : 

Pg 2 = Pvl>< VTi = 3.9396X T 2 / 3 O 8.2 = 0.01278 T 2 
Assume T 2 = 30T: 0.01278x303.2 = 3.875 + 4.246 = Pq 30 c 

Assume T 2 = 25T: 0.01278x298.2 = 3.811 ^ 3.169 = Pq 25 c 


interpolating ^ T 2 = 28.2 “C 


W2 = wj = 0.622 


3.9396 

(100-3.9369) 


= 0.025 51 


ma = PalV/RaTi = (100-3.94)x0.5/(0.287x308.2) = 0.543 kg 


1st law Eq.5.11: 


1 Q 2 = U 2 - Ui = ma(Ua2 - Uai) + my(Uy2 - Uyi) 


= 0.717(28.2 - 35) + 0.02551 (2414.2 - 2423.4) = -5.11 kJ/kg 


^ lQ2 = 0.543(-5.11) = -2.77kJ 
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12.86 

Air in a piston/cylinder is at 35°C, 100 kPa and a relative humidity of 80%. It is 
now eompressed to a pressure of 500 kPa in a eonstant temperature process. Find 
the final relative and specific humidity and the volume ratio F 2 /F 1 . 

Solution: 

Check to see if the second state is saturated or not. First assume no water is 
condensed 

1: wi= 0.029 2: W2 = 0.622 Pv2/(P2-Pv2) 

W 2 = wi => Pv 2 = 22.568 > Pg = 5.628 kPa 
Conclusion is state 2 is saturated 

(^2 = 100%, W2 = 0.622 Pg/(P2-Pg) = 0.00699 

To get the volume ratio, write the ideal gas law for the vapor phases 

V 2 = Va2 + Vv2 + Vf2 = (maRa + mv2Rv)T/P2 + miiq Vf 

Vi = Val + Vvl = (niaRa + niviRv)T/Pi 

Take the ratio and divide through with maRaT/P 2 to get 

V 2 /V 1 = (Pi/P 2 )[l + 0.622W2 + (wi-W 2 )P 2 Vf/RaT] / [1+0.622 wi] 

= 0.1973 

The liquid contribution is nearly zero (=0.000126) in the numerator. 
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12.87 

A 300-L rigid vessel initially eontains moist air at 150 kPa, 40°C, with a relative 
humidity of 10%. A supply line eonnected to this vessel by a valve earries steam 
at 600 kPa, 200°C. The valve is opened, and steam flows into the vessel until the 
relative humidity of the resultant moist air mixture is 90%. Then the valve is 
elosed. Suffieient heat is transferred from the vessel so the temperature remains at 
40°C during the proeess. Determine the heat transfer for the process, the mass of 
steam entering the vessel, and the final pressure inside the vessel. 

Solution: 


HoO 



Pvl = (^iPgi = 0.1x7.384 = 0.7384 kPa 

Pv 2 = 0.9x7.384 = 6.6456 kPa 

Pa2 = Pal = 150 - 0.738 = 149.262 kPa 

0.7384 

wj = 0.622 X ^49 262 ^ 0.003 08 

6.6456 

W2 = 0.622 X ^49 252 ^ 0.0277 


m^ = 149.262x0.3/(0.287x313.2) = 0.5 kg 
P 2 = 149.262 + 6.6456 = 155.9 kPa 
m^i = 0.5(0.0277 - 0.00308) = 0.0123 kg 


Uyi = Uy 2 ~ uq at 40 °C and ~ ^al 
Energy Eq.6.16: 

QcV ~ '^a(^a 2 " ^al) ^v 2 ^v 2 " ^vl^vl " ^vil^i 

= myi(uGatT - hi) = 0.0123(2430.1 - 2850.1) = -5.15 kJ 
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12.88 

A rigid container, 10 m in volume, eontains moist air at 45°C, 100 kPa, (j) = 40%. 
The eontainer is now cooled to 5°C. Negleet the volume of any liquid that might be 
present and find the final mass of water vapor, final total pressure and the heat transfer. 

Solution: 

CV container, m 2 = mi ; m 2 U 2 - miui = 1 Q 2 

State 1:45°C, (^ = 40% => wi = 0.0236 , Tdew = 27.7°C 

Final state T 2 < Tjew so eondensation, ^2 ^ 100% 

Pvi = 0.4 Pg = 0.4 X 9.593 = 3.837 kPa, Pai = Ptot - Pvl = 97.51 kPa 

ma = PaiV/RTi = 10.679 kg, myi = wi ma = 0.252 kg 
Pv 2 = Pg 2 = 0.8721 kPa, = PalT 2 /Ti = 85.25 kPa 

P 2 = Pa2 Pv2 ~ 86.12 kPa 

m^2 ^ Pv 2 V/P-vT 2 = 0.06794 kg (= V/Vg = 0.06797 steam table) 
mf2 = m^i - my2 = 0.184 kg 

The heat transfer from the energy equation becomes 
1 Q 2 = ma(u 2 -ui)a + mv 2 Ug 2 + mf 2 Uf 2 - m^iUgi 

= ma Cv(T2-Ti) + mv2 2382.3 + mf2 20.97 - m^j 2436.8 
= -306.06 + 161.853 + 3.858 - 614.07 = - 754.4 kJ 
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12.89 

A water-filled reaetor of 1 m is at 20 MPa, 360°C and located inside an insulated 

'7 

containment room of 100 m that contains air at 100 kPa and 25°C. Due to a 
failure the reactor ruptures and the water fills the containment room. Find the final 
pressure. 

CV Total container. 

mv(u2-ui) + ma(u2-ui) = 1 Q 2 - 1 W 2 = 0 

Initial water; vi = 0.0018226, ui = 1702.8, my = V/v = 548.67 kg 
Initial air: ma = PV/RT = 100x99/0.287x298.2 = 115.7 kg 

Substitute into energy equation 

548.67 (U 2 - 1702.8)+ 115.7x0.717 (12 -25) = 0 
U2 + 0.1511 T 2 = 1706.6 kJ/kg & V2 = V2/mv = 0.18226 m^/kg 
Trial and error 2-phase (Tguess^ V 2 => X 2 => U 2 => LHS) 

T = 150 LHS = 1546 T = 160 LHS = 1820.2 

T=155 LHS = 1678.1 => T=156°C LHS = 1705.7 OK 
X 2 = 0.5372, Psat = 557.5 kPa 

Pa2 = PalViT 2 /V 2 Ti = lOOx 99 x 429.15 / (100x298.15) = 142.5 kPa 

=> P 2 = Pa2 Psat ~ 700 kPa. 
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Tables and formulas or psychrometric chart 


12.90 

A flow moist air at 100 kPa, 40°C, 40% relative humidity is cooled to 15°C in a 
constant pressure device. Find the humidity ratio of the inlet and the exit flow, 
and the heat transfer in the device per kg dry air. 

Solution: 

C.V. Cooler. ihyj = ihiiq + rhy 2 

Tables: Pgj = 7.384 kPa , Pyj = 2.954 kPa, coi = 0.0189 

Pv 2 = 1.705 kPa = Pg 2 => CO 2 = 0.0108 

hyj = 2574.3 kJ/kg, hy2 = 2528.9 kJ/kg, hf= 62.98 kJ/kg 

Oout = Cp(Ti - T 2 ) + cojhyi - CO 2 hy 2 - (cop CO 2 ) hf 


= 1.004(40 - 15) + 0.0189 x 2574.3 - 0.0108 x 2528.9 - 0.0073 x 62.98 

= 45.98 kJ/kg dry air 

Psychrometric chart: State 2: T < = 23°C => (1)2=100% 

myj/m^j = coj = 0.018, hj = 106; my2/ma = CO 2 ^ 0.0107 , h2 = 62 
rhiiq/iha = cop CO 2 = 0.0073 , hf = 62.98 kJ/kg 


Oout 




Oout ^ hj - (cop CO 2 ) hf - £2 = 106 - 0.0073 x 62.98 - 62 


= 43.54 kJ/kg-dry air 
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12.91 

A flow, 0.2 kg/s dry air, of moist air at 40°C, 50% relative humidity flows from 
the outside state 1 down into a basement where it eools to 16°C, state 2. Then it 
flows up to the living room where it is heated to 25°C, state 3. Find the dew point 
for state 1 , any amount of liquid that may appear, the heat transfer that takes plaee 
in the basement and the relative humidity in the living room at state 3. 


Solve using psychrometrie ehart: 

a) T^jg^ = 27.2 (w = Wj, (j) = 100%) wj = 0.0232, h^ = 118.2 kJ/kg air 

b) T 2 < Tjew so we have ( 1 ) 2 = 100 % liquid water appear in the basement. 


=> W 2 = 0.0114 


h 2 = 64.4 and from steam tbl. hf = 67.17 


miiq = mair(wi-W 2 ) = 0.2(0.0232-0.0114) = 0.00236 kg/s 

e) Energy equation: m^ir hi = riinq hf + ihair £2 + Qout 

Qgut = 0.2[118.2 - 64.4 - 0.0118x67.17] = 10.6 kW 
d) W 3 = W 2 = 0.0114 & 25°C => (^3 = 58 %. 


If you solve by the formulas and the tables the numbers are: 

Pg 40 = 7.3 84 ; Pyi = 0.5x7.384 = 3.692 kPa 

wi = 0.622 X 3.692 / (100 - 3.692) = 0.02384 

Pvl^Pg(Tdew) Tjewl^27.5°C 

2: (^ = 100%, Pv 2 = Pg 2 = 1-832 kPa, W 2 = 0.622x1.832/98.168 = 0.0116 

ihiiq = ihair (W 1 -W 2 ) = 0.2x0.01223 = 0.00245 kg/s 
3: W 3 = W 2 => Pv 3 = Pv 2 ^ 1-832 & Pg 3 = 3.169 

(^3 = Py/Pg = 1-832/3.169 = 57.8% 
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12.92 

Two moist air streams with 85% relative humidity, both flowing at a rate of 0.1 
kg/s of dry air are mixed in a steady setup. One inlet flowstream is at 32.5°C and 
the other at 16°C. Find the exit relative humidity. 

Solution: 

CV mixing ehamber. 

Continuity Eq. water: wi + W 2 = Wg^; 

Energy Eq.: m^ir h i + hz = 2mair hg^ 

Properties from the tables and formulas 

Pg 32.5 = 4.937 ; Pvi = 0.85x4.937 = 4.196 kPa 
wi = 0.622 X 4.196 / (100 - 4.196) = 0.0272 
Pgl 6 = 1.831 ; Pv 2 = 0.85x1.831 = 1.556 kPa 
W 2 = 0.622 X 1.556 / (100 - 1.556) = 0.00983 
Continuity Eq. water: Wg^ = (wj + W 2)/2 = 0.0185 ; 

For the energy equation we have h = hjj + why so: 

2 hgx ■ hj - h 2 — 0 — 2 h^ gx - h^ j - h^ 2 2 wgxhy gx - wihy j - why 2 

we will use eonstant heat eapaeity to avoid an iteration on Tgx. 

Cp air(2Tex " - T 2 ) + Cp H 2 o( 2 WgxTgx - WjTi - W 2 T 2 ) = 0 

Tex = [ Cp air(T 1 + T 2 ) + Cp H2 o(wiTi + W 2 T 2 ) ]/ [2Cp ^ir + 2WgxCp h2o] 
= [ 1.004 (32.5 + 16) + 1.872(0.0272 x 32.5 + 0.00983 x 16J/2.0773 
= 24.4°C 


w 


P 


ex 


V ex 0.622 + w 


ex 


0.0185 

“ 0.622 + 0.0185 


Pg gx = 3.069 kPa => 


(^ = 2.888/3.069 = 0.94 or 94% 


Properties taken from the psyehrometrie ehart 

State 1: wj = 0.0266, h^ = 120 State 2: W 2 = 0.0094, £2 = 60 

Continuity Eq. water: Wgx = (wj + W 2)/2 = 0.018 ; 

Energy Eq.: hgx = (h^ + h 2)/2 = 90 kJ/kg dry air 

exit: Wgx, hgx => Tgx = 24,5°C, (j) = 94% 


Notiee how the energy in terms of temperature is elose to the average of the 
two flows but the relative humidity is not. 
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12.93 

The discharge moist air from a clothes dryer is at 35°C, 80% relative humidity. 
The flow is guided through a pipe up through the roof and a vent to the 

atmosphere. Due to heat transfer in the pipe the flow is cooled to 24°C by the 
time it reaches the vent. Find the humidity ratio in the flow out of the clothes 
dryer and at the vent. Find the heat transfer and any amount of liquid that may be 
forming per kg dry air for the flow. 

Solution: 

State 1: w = 0.0289, hj = 128, T^ew = 31°C 

State 2: 24°C < T^g^ so it is saturated. 

w = 0.019, ^2 = 92 kJ/kg air 

• • 

miiq/ma = coj - C 02 = 0.0099 kg/kg dry air 
Energy Eq.: 

Q/ma = hi - h2 - (coi - CO 2 ) hf 

= 128-92-0.0099 x100.68 
= 35 kJ/kg dry air 
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12.94 

A steady supply of 1.0 m /s air at 25°C, 100 kPa, 50% relative humidity is needed 
to heat a building in the winter. The outdoor ambient is at 10°C, 100 kPa, 50% 
relative humidity. What are the required liquid water input and heat transfer rates 
for this purpose? 

Solution: 

Air: = 0.287 kJ/kg K, Cp = 1.004 kJ/kg-K 

State 1: Tj = 10°C, = 50%, Pi = 100 kPa 

Pgl= 1.2276 kPa, Pvi= ^iPgi = 0.6138 kPa, 

Pal =Pl-Pvl = 99.39 kPa => coi = 0.622 P^i/Pai = 0.003841 

State2: T 2 = 25°C,P2= lOOkPa, (^2 = 50%, V 2 = 1 

Pg 2 = 3.169 kPa, Pv 2 = ^ 2 Pg 2 = 1-5845 kPa, 

Pa 2 = P 2 - Pv 2 = 98.415 kPa, CO 2 = 0.622 Pv 2 /Pa 2 = 0.010014 
ma 2 = Pa 2 V 2 /RaT 2 = 98.415 x 1/(0.287 X 298.15) = 1.15 kg/s 

Steam tables B.1.1: h^i = 2519.7 kJ/kg, hy 2 = 2547.2 kJ/kg 

State 3: Assume: Liq. Water at T 3 = 25°C, hf^ = 104.9 kJ/kg 

« • • • • 

Conservation of Mass: mai = ma 2 , rnf 3 = my 2 - niyi 

mf 3 = ma 2 (co 2 - coi) = 1.15 X 0.006173 = 0,0071 kg/s 

I'^Law: Q + maihai + m^ih^i + mf 3 hf 3 = ma 2 ha 2 +mv 2 hv 2 

^ • 

^ = Cp(T 2 - Ti) + C02h^2 - ®ih^i - ^hf 3 => Q = 34.76 kW 
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12.95 

A combination air cooler and dehumidification unit receives outside ambient air 
at 35°C, 100 kPa, 90% relative humidity. The moist air is first cooled to a low 
temperature T 2 to condense the proper amount of water, assume all the liquid 

leaves at T 2 . The moist air is then heated and leaves the unit at 20°C, 100 kPa, 

relative humidity 30% with volume flow rate of 0.01 m /s. Find the temperature 
T 2 , the mass of liquid per kilogram of dry air and the overall heat transfer rate. 


Solution: 


MIX 

IN 


1 


COOL 

2 

1 ^ 

HEAT 

1 





1 ^ 


1 




2 ' 


-Qc 


LIQ 

OUT 



MIX 

OUT 




Q 


CV 


H 


a) Pvi = (t)iPGi = 0.9 X 5.628 = 5.0652 kPa 


wj = 0.622 X 


5.0652 

100-5.0652 


= 0.033 19 


Pv 3 = ^ 3 Pg 3 = 0.3 X 2.339 = 0.7017 kPa 


W 2 = W 3 = 0.622 X 


0.7017 


100-0.7017 


= 0.0044 


riiLiQ ^ wj - W 2 = 0.033 19 - 0.0044 = 0.028 79 kg/kg air 


Pg 2 = Pv 3 = 0.7017 kPa ^ T 2 = 1.7 "C 
b) For a C.V. around the entire unit 

Qcv = Qh + Qc 

Net heat transfer, 1st law: 

Qcv/ma = (ha3-hal) + Wgh^j - Wjh^j + mL2' hL2'/ma 


= 1.004(20-35) + 0.0044x2538.1 - 0.033 19x2565.3 + 0.028 79x7.28 


= -88.82 kJ/kg air 


ma = 


3 

RaT3 


(100-0.7017)x0.01 

0.287x293.2 


= 0.0118 kg/s 


Qcv = 0.0118(-88.82) = -1.05 kW 
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12.96 


Use the formulas and the steam tables to find the missing property of: (j), co, and 
Tdry, total pressure is 100 kPa; repeat the answers using the psyehrometrie chart 

a. (^ = 50%, CO = 0.010 b. = 25°C, = 21°C 


Solution: 

a. From Eq.12.28 with = P - Py solve for P^: 

Py = P CO /(0.622 + co) = 100 X 0.01/0.632 = 1.582 kPa 
FromEq.12.25 Pg = Py/c^ = 1.582/0.5 = 3.165 kPa => T = 25°C 


b. At21°C:: Pg = 2.505 => CO 2 = 0.622 x 2.505/(100 - 2.505) = 0.016 
From the steam tables B. 1.1 

hf 2 = 88.126 and hfg 2 = 2451.76 kJ/kg, hyi =2547.17 

From Eq. 10.30: 

®1 = [Cp(T2-Ti) + C 02 hfg2 ]/(hyi - hf2) = 0.0143 
From Eq. 12.28 with P^^ = P - Py solve for Py: 

Py = P CO /(0.622 + co) = 2.247, 

FromEq.12.25: c^ = 2.247/3.169 = 0.71 

Using the psyehrometrie chart E.4: 

a: rdry = 25.3°C b: co = 0.0141, c^ = 71-72% 
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An insulated tank has an air inlet, coi = 0.0084, and an outlet, T 2 = 22°C, ^2 = 

90% both at 100 kPa. A third line sprays 0.25 kg/s of water at 80°C, 100 kPa. For 
steady operation find the outlet speeifie humidity, the mass flow rate of air needed 
and the required air inlet temperature, T 1 . 

Solution: 

Take CV tank in steady state. Continuity and energy equations are: 

Continuity Eq. water: m 3 + wj = m^ W 2 

Energy Eq.: m 3 hf + m^ hj = ma h 2 

All state properties are known except T j. 

From the psychrometric chart we get 

State 2: W 2 = 0.015, £2 = 79.5 State 3: hf = 334.91 (steam tbl) 
liia = m 3 /(w 2 - wj) = 0.25/(0.015-0.0084) = 37.88 kg/s 
hi = h 2 - (W 2 - wi)hf = 79.5 - 0.0066 x 334.91 = 77.3 
Chart (wi, hi) => Ti=36.5°C 

Using the tables and formulas we get 

State 2: Pg 22 = 2.671; Pv 2 = 0.9 x 2.671 = 2.4039 kPa 

W 2 = 0.622 X 2.4039 / (101.325 - 2.4039) = 0.0151 

iha = m 3 /(w 2 - wi) = 0.25/(0.0151 - 0.0084) = 37.31 kg/s 

To avoid iterations on Ti we use specific heat values also for water vapor by 
writing h^i = hy 2 + Cp h 2 o(Ti - T 2 ) so the energy equation is 

Cp a Ti + WiCp h 2 o(Ti - T 2 ) + Wihv 2 = Cp a T 2 + Vf2K2 ' (W 2 ' Wi) hf 

The equation now becomes 

(1.004 + 0.0084 X 1.872)Ti = (0.0084 x 1.872 + 1.004) 22 

+ (0.0151 - 0.0084)(2541.7 - 334.91) = 37.219 
Ti = 36.5°C 
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12.98 

A flow of moist air from a domestic furnace, state 1, is at 45°C, 10% relative 
humidity with a flow rate of 0.05 kg/s dry air. A small electric heater adds steam 

at 100°C, 100 kPa generated from tap water at 15°C. Up in the living room the 

flow comes out at state 4: 30°C, 60% relative humidity. Find the power needed 
for the electric heater and the heat transfer to the flow from state 1 to state 4. 



State 1: wj 
State 4: W 4 


0.0056, h^ = 79 kJ/kg dry air 


0.0160, £4 = 90.5 kJ/kg dry air 


miiq = m^ (coj - CO 2 ) ^ 0-05 (0.016 - 0.0056) = 0.00052 kg/s 


Energy Eq. for heater: 

Qheater ^ '^liq (^out “ = 0.00052 (2676.05 - 62.98) = 1,36 kW 

Energy Eq. for line: 

Qline ~ (^4 “ ^j) — mjjq hy^p 


= 0.05(90.5 - 79) - 0.00052 x 2676.05 

= -0.816 kW 
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A water-cooling tower for a power plant cools 45°C liquid water by evaporation. 
The tower receives air at 19.5°C, (j) = 30%, 100 kPa that is blown through/over the 
water such that it leaves the tower at 25°C, (j) = 70%. The remaining liquid water 
flows back to the condenser at 30°C having given off 1 MW. Find the mass flow 
rate of air, and the amount of water that evaporates. 

Solution: 

CV Total cooling tower, steady state. 

Continuity Eq. for water in air: Wm + riievap/riia = Wgx 

Energy Eq.: iha hin + mi h 45 = rha hex + (mi - mevap) hso 

Inlet: 19.5°C, 30%relhum => win = 0.0041, hin = 50 

Exit: 25°C, 70%relhum => Wex = 0.0138, hgx = 80 

Take the two water flow difference to mean the 1 MW 

Q = rill h 45 - (rill - riievap) hso = 1 MW 

riia(hex - hin) = riia(80 - 50) = 1000 kW => rila = 33.33 kg/s 

riievap = (Wex ' Win) rila = 0.0097 x 33.33 = 0.323 kg/s 

The needed make-up water flow could be added to give a slightly different 
meaning to the 1 MW. 
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A flow of air at 5°C, (j) = 90%, is brought into a house, where it is eonditioned to 
25°C, 60% relative humidity. This is done with a eombined heater-evaporator 
where any liquid water is at 10°C. Find any flow of liquid, and the neeessary heat 
transfer, both per kilogram dry air flowing. Find the dew point for the final 
mixture. 

CV heater and evaporator. Use psyehrometrie ehart. 

Inlet: wi = 0.0048, hi = 37.5 kJ/kg dry air, hf= 42.01 kJ/kg 

Exit: W 2 = 0.0118, h 2 = 75 kJ/kg dry air, T^ew = 16.5°C 

From these numbers we see that water and heat must be added. Continuity eq. 
and energy equation give 

^^LiQ = W 2 - Wj = 0.007 kg/kg dry air 
q = h 2 - hi - (w 2 -Wi)hf = 37.3 kJ/kg dry air 
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12.101 

In a car’s defrost/defog system atmospheric air, 21°C, relative humidity 80%, is 
taken in and cooled sueh that liquid water drips out. The now dryer air is heated 
to 41 °C and then blown onto the windshield, where it should have a maximum of 
10% relative humidity to remove water from the windshield. Find the dew point 
of the atmospheric air, specific humidity of air onto the windshield, the lowest 
temperature and the speeifie heat transfer in the cooler. 

Solution: 

2 
-f 


Liquid 

Solve using the psyehrometrie ehart 




Air inlet: 21°C,^ = 80% 
=> wi = 0.0124, 

Tdew= n.3°C 
ill =72 

Air exit: 41°C, ^=10% 
=> W 3 = 0.0044, 

Tdew=1.9°C 

To remove enough water we must eool to the exit Tdew^ followed by heating 
to Tgx- The enthalpy from chart h 2 = 32.5 and from B.1.1, hf(1.9°C) = 8 

CV cooler: 

rhiiq/riiair = wi - W 3 = 0.0124 - 0.0044 = 0.008 kg liq/kg air 

q = Qcy/^air = h 2 + (wi - W 3 ) hf - hi 

= 32.5 + 0.008x8 - 12 = -39.4 kJ/kg dry air 
If the steam and air tables are used the numbers are 

State 1: Pgi = 2.505, Pyi = 2.004 => wi = 0.01259 

hgi = 2539.9, hai = 294.3 => hi = 326.3 
State 3: Pg 3 = 7.826, Pv 3 = 0.783 => W 3 = 0.00486 

State 2: Wg 3 = W 3 => T 2 = T 3 dew = 3.3°C, hf 2 = 13.77 

hg 2 = 2507.4, ha 2 = 276.56 => £2 = 288.75 
riiliq/ihair = 0.00773, q = 288.75 + 0.00773x 13.77 - 326.3 = -37.45 kJ/kg air 
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Atmospheric air at 35°C, relative humidity of 10%, is too warm and also too dry. 
An air conditioner should deliver air at 21°C and 50% relative humidity in the 
amount of 3600 m^ per hour. Sketch a setup to accomplish this, find any amount 
of liquid (at 20°C) that is needed or discarded and any heat transfer. 

Solution: 

CV air conditioner. First we must check if water should be added or 
subtracted. We can know this from the absolute humidity ratio. 

Properties from the tables and formulas 

State 1: Pg 35 = 5.628; Py^ = 0.10x5.628 = 0.5628 kPa 

wi = 0.622 X 0.5628 / (101.325 - 0.5628) = 0.003474 

State 2: Pg 2 i= 2.505; Py 2 = 0.5x2.505 = 1.253 kPa 

W2 = 0.622 X 1.253 / (101.325 - 1.253) = 0.007785 

As w goes up we must add liquid water. Now we get 
Continuity Eq.: m^(l + wi) + rhjjq = m^(l + W 2 ) 

Energy Eq.: mAh i mix + + Qcv = mAh2mix 

For the liquid flow we need the air mass flowrate out, 3600 m^/h = 1 m^/s 
ruA = PaiV/RT = (101.325 - 1.253)1/0.287x294.15 = 1.185 kg/s 

rhiiq = mA(w 2 - wi) = 0.00511 kg/s = 18.4 kg/h 
Qcv = mA[Cp a(T 2 - Tj) + W 2 hy 2 - Wihyl ] - mjiqhf 

= 1.185 [ 1.004 (21 - 35) + 0.007785 x 2539.9 - 0.003474 x 2565.3] 

- 0.00511 X 83.96 = -4.21 kW 
If from psychrometric chart. 

Inlet: wi = 0.0030, hmix,l = 63.0, hf^20 = 83.96 kJ/kg 
Exit: W 2 = 0.0076, hmix,2 = 60.2 kJ/kg dry air 

Py 2 and riiA = Pg 2 V/RT same as above 

Qcv ^ fiiA(h 2 mix - himix) - liiiiqhf = 1.185(60.2 - 63) - 0.00511 x 83.96 

= - 3.74 kW 


Liquid water 
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12.103 

One means of air-conditioning hot summer air is by evaporative cooling, which is 
a process similar to the adiabatic saturation process. Consider outdoor ambient air 
at 35°C, 100 kPa, 30% relative humidity. What is the maximum amount of 
cooling that can be achieved by such a technique? What disadvantage is there to 
this approach? Solve the problem using a first law analysis and repeat it using the 
psychrometric chart, Fig. E.4. 


Pi =P 2 = 100 kPa 
Ti = 35 °C, (^1 = 30% 

Pyi = (t>iPgi = 0.30x5.628 = 1.6884 
coi = 0.622x1.6884/98.31 = 0.01068 

For adiabatic saturation (Max. cooling is for (j )2 = 1), 1st law, Eq. 12.23 

coi (hyi - hf2) = Cp(T2 - Tj) + C02 hfg2 
(t )2 = 1 & CO2 = 0.622 X Pq 2 /(P 2 - Pg 2 ) 

Only one unknown: T 2 . Trial and error on energy equation: 

CpT2 + CO 2 hfg2 + coi hf2 = CpTi + coihyi 

= 1.004 X 35 + 0.01068 x 2565.3 = 62.537 


Ambient 


Air 


© 



Cooled 


Air 


Liquid 




= 20°C: Pg 2 = 2.339, 6 ^ = 83.94, hfg 2 = 2454.12 
=> 0)2 = 0.622 x 2.339/97.661 =0.0149 
LHS = 1.004 X 20 + 0.0149 x 2454.1 + 0.01068 x 83.94 = 57.543 
= 25°C: Pg 2 = 3.169, 6 ^= 104.87, hfg 2 = 2442.3 
=> 0)2 = 0.622 x 3.169/96.831 =0.02036 
LHS = 1.004 X 25 + 0.02036 x 2442.3 + 0.01068 x 104.87 = 75.945 

linear interpolation: T 2 = 21,4 “C 


This method does lower the temperature but the relative and absolute 
humidity becomes very high and the slightest cooling like on a wall will result 
in condensation. 


b) chart E.4 : Adiabatic saturation T « WetBulbTemperature « 21,5 “C 




Sonntag, Borgnakke and van Wylen 


12.104 

A flow of moist air at 45°C, 10% relative humidity with a flow rate of 0.2 kg/s 

dry air is mixed with a flow of moist air at 25°C, and absolute humidity of w = 
0.018 with a rate of 0.3 kg/s dry air. The mixing takes place in an air duct at 100 
kPa and there is no significant heat transfer. After the mixing there is heat transfer 

to a flnal temperature of 40°C. Find the temperature and relative humidity after 
mixing. Find the heat transfer and the flnal exit relative humidity. 


Solution: 


C.V : Total Setup 
state 3 is internal to CV. 




Q heat 

cool 


/vw 


4 



Continuity Eq.: ihai wj + ma 2 W 2 = (liiai + ma 2 ) W 3 = (mat + ^al) W 4 

Energy Eq. rhai hj + ma 2 ^2 = (^al + ^al) ^3 

State 1: From Psychrometric chart w^ = 0.056, hj = 79 kJ/kg dry air 

State 2: From Psychrometric chart O 2 = 90%, h 2 = 90.5 kJ/kg dry air 


W3 = W4 


maiwi + ma2W2 

mai + ma2 


1 ^ 



maihi + ma2^2 
mai + ma2 


02 

0.5 


0.2 0.3 

= ^ 0.056 + ^ 0.018 = 0.01304 
79 + ^ 90.5 = 85.9 kJ/kg dry air 


State 3: From Psychrometric chart T 3 = 32.5°C, 03 = 45 % 

State 4: 40°C, W 4 = 0.01304 Read from Psychrometric chart 

£4 = 94, O 4 = 29% 

Now do the energy equation for the whole setup 
Energy Eq. rhai hj + ma 2 £2 + Q = (niai + ma 2 ) £4 

Q = (mal + ma 2 ) £4 - ^al £l + ma 2 £2 


= 0.5 94 - 0.2 79 - 0.3 90.5 = 4.05 kW 
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12.105 

An indoor pool evaporates 1.512 kg/h of water, whieh is removed by a 
dehumidifier to maintain 21°C, (j) = 70% in the room. The dehumidifier, shown in 
Fig. PI2.105, is a refrigeration eyele in which air flowing over the evaporator 
cools such that liquid water drops out, and the air continues flowing over the 
condenser. For an air flow rate of 0.1 kg/s the unit requires 1.4 kW input to a 
motor driving a fan and the compressor and it has a coefficient of performance, P 
Ql/Wc = 2.0. Find the state of the air as it returns to the room and the compressor 
work input. 

Solution: 

The unit must remove 1.512 kg/h liquid to keep steady state in the room. As 
water condenses out state 2 is saturated. 

State 1: 21°C, 70% =>wi = 0.0108, hi = 68.5 

CV 1 to 2: miiq = ma(wi - W 2 ) => W 2 = wi - miiq/rha 

qL = hi - h 2 - (wi - W 2 ) hf 2 

W 2 = 0.0108 - 1.512/3600x0.1 = 0.0066 

State 2: W 2 , 100% => T 2 = 8 °C, h 2 =45, hf 2 = 33.6 

qL = 68.5 - 45 - 0.0042x33.6 = 23.36 kJ/kg dry air 

CV Total system : h 3 = hi + Wei/ma - (W 1 -W 2 ) hf 

= 68.5 + 14 - 0.14 = 82.36 kJ/kg dry air 

State 3: W 3 = W 2 , £3 => T 3 = 46°C, (t )3 = 11-12% 

Wc = liia qL/ P = 1.165 kW 
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Psychrometric chart only 
12.106 

Use the psyehrometrie ehart to find the missing property of: (j), co, 

a. Tjry = 25°C, =80% b. =15°C, =100% 

c.Tjiry = 20°C, and co = 0.008 d. = 25°C, T.^^gt = 23°C 

Solution: 


a. 

25°C, 

= 80% 

=> 

CO = 0.016; r^et = 22.3°C 

b. 

15°C, 

= 100% 

=> 

CO = 0.0106; r^et=15°C 

c. 

20°C, 

CO = 0.008 

=> 

c^ = 57%; r^et=14.4°C 

d. 

25°C, 

T = 23°r 

^ wet ^ 

=> 

CO = 0.017; c^ = 86% 
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Use the psyehrometrie ehart to find the missing property of: (j), co, 

a. (^ = 50%, CO = 0.012 b. T^et=15°C, (^ = 60%. 

c. CO = 0.008 and T^g^ =17°C d. = 10°C, co = 0.006 


Solution: 


a. cj) = 50%, CO = 0.012 


=> 


b. r^gt= 15°C, c^=60% => 

e. CO = 0.008, r^gt=17°C => 

d. rjjj.y= 10°C, CO = 0.006 => 



= 23.5°C, r^gt = 20.6 
= 20.2°C, CO = 0.0086 
= 11TC, c^ = 37% 



c^ = 80%, r^gt = 8.2°C 
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12.108 


Use the formulas and the steam tables to find the missing property of: (j), co, and 
total pressure is 100 kPa; repeat the answers using the psyehrometrie chart 

a. (^ = 50%, CO = 0.010 b. T^et=15°C, ^ = 50% c. = 25°C, = 21°C 


a. From Eq. 12.21 = P co/(0.622 + co) = 100 x 0.01/0.632 = 1.582 kPa 

FromEq.12.18 P= P^/c^ = 1.582/0.5 = 3.165 kPa => T = 25°C 


b. Assume Twet is adiabatic saturation T and use energy Eq. 12.23 
Atl5°C: Pg = 1.705 => co = 0.622 x 1.705/(100 - 1.705) = 0.01079 

EHS = coi (h^i - hf 2 ) + CpTi = RHS = CpT 2 + CO 2 hfg 2 

RHS = 1.004x15 + 0.01079 x 2465.93 = 41.667 kJ/kg 

coj = 0.622 ct)Pg/(100 - ct)Pg) where Pg is at T^. Trial and error. 

EHS 25 C = 49.98, EHS 20 C = 38.3 => T = 21.4°C, coi = 0.008 


c. At21°C:: Pg = 2.505 => CO 2 = 0.622 x 2.505/(100 - 2.505) = 0.016 
hf 2 = 88.126 and hfg 2 = 2451.76 kJ/kg, h^j =2547.17 
From Eq. 12.23: co^ = [Cp(T 2 -Tj) + CO 2 hfg 2 ]/(hyi - hf 2 ) = 0.0143 
P^ = P CO /(0.622 + co) = 2.247, c^ = 2.247/3.169 = 0.71 


Using the psyehrometrie chart E.4: 


a: = 25.3 °C 


b. 7)iry = 21.6°C, CO = 0.008 


c: CO = 0.0141, c^ = 71-72% 
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12.109 

For each of the states in Problem 12.107 find the dew point temperature. 

Solution: 

The dew point is the state with the same humidity ratio (abs humidity co) and 
completely saturated (j) = 100%. From psychrometric chart: 

a. rje^=16.8°C c. rdew=io.9°c 

b. rdew=i2°c d. rdew = 6.5°c 

Finding the solution from the tables is done for cases a,c and d as 

Eq. 12.28 solve: Py = Pg = coPfot/[to + 0.622] = Psat(Tjg^) in B.1.1 

For case b use energy Eq. 10.30 to find coi first from ^at ^ ^wet- 
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.110 

Compare the weather two places where it is cloudy and breezy. At beach A it is 
20°C, 103.5 kPa, relative humidity 90% and beach B has 25°C, 99 kPa, relative 
humidity 20%. Suppose you just took a swim and came out of the water. Where 
would you feel more comfortable and why? 

Solution: 

Your skin being wet and air is flowing over it will feel With the small 
difference in pressure from 100 kPa use the psychrometric chart. 

A: 20°C, (^ = 90% => T^et=18.7°C 
B: 25°C, i> = 20% => T^gt=12.3°C 
At beach A it is comfortable, at B it feels chilly. 
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.111 

Ambient air at 100 kPa, 30°C, 40% relative humidity goes through a eonstant 
pressure heat exehanger as a steady flow. In one ease it is heated to 45°C and in 
another ease it is cooled until it reaches saturation. For both cases find the exit 
relative humidity and the amount of heat transfer per kilogram dry air. 

Solution: 

CV heat exchanger: m^j = m^g, rhyi = rhyg, Wg = W[ 

(ha + why)i + q = (ha + whv)g = hg, q = hg - hi 

Using the psychrometric chart: i: Wi = 0.0104, hi = 76 

Case 1) e: Tg = 45 °C, Wg = Wi => hg = 92, 

(jig = 17%, q = 92-76 = 16 kJ/kg dry air 

Case II) e: Wg = Wi, (jig = 100% => hg = 61, Tg=14.5°C 

q = 61-76 = -15 kJ/kg dry air 




Sonntag, Borgnakke and van Wylen 


12.112 

A flow of moist air at 21°C, 60% relative humidity should be produeed from 
mixing of two different moist air flows. Flow 1 is at 10°C, relative humidity 80% 
and flow 2 is at 32°C and has = 27°C. The mixing ehamber ean be followed 

by a heater or a eooler. No liquid water is added and F* = 100 kPa. Find the two 
controls one is the ratio of the two mass flow rates inai/ma2 the other is the 

heat transfer in the heater/cooler per kg dry air. 

Solution: 

C.V : Total Setup 
state 3 is internal to CV. 



Continuity Eq.: ihai wj + 111^2 W 2 = ( 111^1 + 111 ^ 2 ) W 4 

Energy Eq. mai h j + rha 2 h 2 + Qal = (mat + ma2) h 4 

Define x = mal/^a2 substitute into continuity equation 

W 4 - W2 

=> X wi + W 2 = (1+x) W 4 => X = ^ = 3.773 

Energy equation scaled to total flow of dry air 

q = Qal/(mal + ma 2 ) = h 4 - [x/(l+x)] h 1 - [l/(l+x)] ^2 

= 64 - 0.7905 X 45 - 0.2095 x 105 

= 6.43 kJ/kg-dry air 
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12.113 

In a hot and dry climate, air enters an air-eonditioner unit at 100 kPa, 40°C, and 

5% relative humidity, at the steady rate of 1.0 m /s. Liquid water at 20°C is 
sprayed into the air in the AC unit at the rate 20 kg/hour, and heat is rejeeted from 
the unit at at the rate 20 kW. The exit pressure is 100 kPa. What are the exit 
temperature and relative humidity? 

State 1: Tj = 40°C, Pj = 100 kPa, = 5%, V^i = 1 m^/s 

Pgi= 7.3837 kPa, Pyj= (t>iPgi = 0.369 kPa, P^j = P- P^j = 99.63 kPa 

P P V 

coi = 0.622-^= 0.0023, m^i =-^V^= 1.108 kg/s, h^j = 2574.3 kJ/kg 

^al 

State 2 : Liq. Water. 20°C, m^ = 20 kg/hr = 0.00556 kg/s, h^ = 83.9 kJ/kg 

• « • • • 

Conservation of Mass: mJ^J = m 33 , m.^^ + mj 2 = 111^3 

CO 3 = (mf 2 / m^i) + coj = ( 0.00556/1.108 ) + 0.0023 = 0.0073 
State 3 : P 3 = 100 kPa and P.y 3 = P3CO3/(0.622 + CO 3 ) =1.16 kPa 

± • 9 • • • « • 

1® Law: Q + + m^jh^j + m^h^ = 111^3633 +m^ 3 hv 3 ; Q = - 20 kW 

• • « 

(ha3-hai) + «' 3 h ^3 = coih^j + (m^hg + Q )/mai 

= 0.0023 * 2574.3 + (0.00556*83.9 - 20)/L108 = -11.7 

Unknowns: ^ 3 , 6^3 implicitly given be a single unknown: T 3 


Pv3 

Trial and Error for T 3 ; T 3 = 10 C, Pg 3 = 1.23 kPa , (t )3 = = 0.94 

If we solved with the psyehrometrie ehart we would get: 

State 1: m^i/m^ = coj = 0.002, hj = 65; 

State 3: CO 3 = (m^ / m^^j) + coj = ( 0.00556/1.108 ) + 0.002 = 0.007 

Now the energy equation becomes 

h 3 = hi + (rnf 2 hf 2 + Q )/mai = 65 + (0.00556*83.9 - 20)/L108 = 47.4 
Given CO 3 we find the state around IOC and (t )3 = 90% 
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12.114 

Consider two states of atmospheric air. (1) 35°C, = 18°C and (2) 26.5°C, (j) = 

60%. Suggest a system of devices that will allow air in a steady flow process to 
change from (1) to (2) and from (2) to (1). Heaters, coolers (de)humidifiers, liquid 
traps etc. are available and any liquid/solid flowing is assumed to be at the lowest 
temperature seen in the process. Find the specific and relative humidity for state 
1, dew point for state 2 and the heat transfer per kilogram dry air in each 
component in the systems. 

Use the psychrometric chart E.4 

l:wi= 0.006, hi =70.5, (t)j=18%, Tdew = 6.5°C, 

2:w 2=0.013, h2 = 79.4, (^^ = 60 %, Tdew=18°C, 



Since W 2 > wi water must be added in process I to II and removed in the 
process II to I. Water can only be removed by cooling below dew point 
temperature so 

I to II: Adiab. sat I to Dew,II, then heater from Dew,II to II 

II to I: Cool to Dew,I then heat Dew,I to I 
The first one can be done because Tdew II = Tad sat I 

I to II: q = hn - hdewll = 79.4 - 71 =8.4 kJ/kg air 

II to I: qcool ~ hn - hdewl" (w 2 -wi)hf(at Tdewl) 

= 79.4 - 0.007 X 27.29 = 37.2 kJ/kg air 
qheat = hi - hdewl = 70.5 - 42 = 28.5 kJ/kg air 
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12.115 

To refresh air in a room, a counterflow heat exchanger, see Fig. PI2.72, is mounted 
in the wall, drawing in outside air at 0.5°C, 80% relative humidity and pushing out 
room air, 40°C, 50% relative humidity. Assume an exchange of 3 kg/min dry air in 
a steady flow device, and also that the room air exits the heat exchanger to the 
atmosphere at 23°C. Find the net amount of water removed from the room, any 
liquid flow in the heat exchanger and {T, (j)) for the fresh air entering the room. 

State 3: W 3 = 0.0232, £3 = 119 . 2 , T(jg ^3 = 27°C 

The room air is cooled to 23°C < T^jg^ 3 so liquid will form in the exit flow 
channel and state 4 is saturated. 

4:23°C, (^= 100%=> W 4 = 0.0178, £4 = 88 , hf 4 = 96.52 kJ/kg 
1: 0.5°C, = 80% => wj = 0.0032, £1 = 29.2 kJ/kg dry air 
CV 3 to 4: 

riiiiq 4 = riia (W 3 - W 4 ) = 3 (0.0232 - 0.0178) = 0.0162 kg/min 
CV room: my,out = i£a (W 3 - W 2 ) = lUa (W 3 - wj) 

= 3(0.0232-0.0032) = 0.06 kg/min 
CV Fleat exchanger: rna(h 2 - hj) = ma(h 3 - h 4 ) - miiqhf 4 

£2 = £1 + £3 - £4 - (W 3 -W 4 ) hf 4 = 29.2 + 119.2 - 88 - 0.0054x96.52 

= 59.9 kJ/kg dry air 

2: W 2 = W 3 , £2 => T 2 = 32.5°C, (j) = 12% 
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Availability (exergy) in mixtures 
12.116 

Consider the mixing of a steam flow with an oxygen flow in Problem 12.71. Find 
the rate of total inflowing availability and the rate of exergy destruction in the 
process. 


A flow of 1.8 kg/s steam at 400 kPa, 400°C is mixed with 3.2 kg/s oxygen at 400 
kPa, 400 K in a steady flow mixing-chamber without any heat transfer. Find the 
exit temperature and the rate of entropy generation. 


Exergy Flow: = m = mH 2 o ¥i + mo 2 ^2 

'Fi=hi-ho-T„(si-So) 

= Cp h2o(Ti - T,) - T„ [Cp h2o ln(Ti/T„) - R ln(Pi/P,) ] 

= 1.872 (400-25)-298.15[ 1.872 In 0.4615 In 

= 702 - 298.15 (1.5245 - 0.63978) = 438.2 kJ/kg 
^2 = ^2-K- To(S 2 - So) 

= Cp o2(T2 - To) - T„ [Cp 02 ln(T2/T„) - R ln(P2/Po) ] 

400 400 

= 0.922(126.85-25) - 298.15[0.922 In - 0.2598 In ] 


= 93.906 - 298.15 (0.27095 - 0.36016) = 120.5 kJ/kg 


^ i^H20 Vi + ^02 W2^ 1-8 438.2 + 3.2 120.5 = 1174,4 kW 


C.V. Mixing chamber, steady flow, no work, no heat transfer. To do the entropies 
we need the mole fractions. 

mjj 2 o 1 8 iiio 2 3 2 

yH 2 o ^ yo 2 ^ 0.5 

Energy Eq. : mH2o hj + mo 2 h 2 = mH20 h mo + ^02 h 02 

Entropy Eq.: mH 2 o 81+010282 + “ l^H20 S 3 H20 + ^^02 S 3 02 

Solve for T from the energy equation 

l^H20 (^3 H20 “ hi) + mo 2 (h 3 02 “ h 2 ) = 0 

hlH20 Cp H2 o(T3 “ Ti) + mo2 Cp 02(T3 - T 2 ) = 0 

1 .8 X 1.872 (T 3 - 400 - 273.15) + 3.2 X 0.922(T3 - 400) = 0 

T 3 = 545.6 K 



Sonntag, Borgnakke and van Wylen 


Sgen “ (^3 H20 “ Sj) + mQ 2 (S 3 q 2 - S 2 ) 

T 3 , T 3 

^ i^H 20 [ Cp h 20 In - R In Yhio ] ™02 [ Cp 02 ^ ■ R Joi ] 

±1 ±2 

= 1.8 [ 1.872 In ^^-0.4615 In 0.5 ] 

+ 3.2 [ 0.922 In - 0.2598 In 0.5 ] 

= - 0.132+ 1.492 = 1.36 kW/K 

The exergy destruction is proportional to the entropy generation 

= To Sgen = 298.15 X 1.36 = 405.5 kW 
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.117 

A mixture of 75% carbon dioxide and 25% water by mass is flowing at 1600 K, 
100 kPa into a heat exchanger where it is used to deliver energy to a heat engine. 
The mixture leave the heat exchanger at 500 K with a mass flow rate of 2 kg/min. 
Find the rate of energy and the rate of exergy delivered to the heat engine. 

C.V. Heat exchanger, steady flow and no work. 


From Table A.8: 

C02: hin= 1748.12 kJ/kg, s^ = 6.7254 kJ/kg K 
C02: hex = 401.52 kJ/kg, s^ ex = 5.3375 kJ/kg K 
H20: hin = 3487.69 kJ/kg, s^in= 14.0822 kJ/kgK 
H20: hgx = 935.12 kJ/kg, Sjg^= 11.4644 kJ/kg K 


Energy Eq.: Q = m (hj^ - hg^) = m ^ yj (hjn - hg^)! 

= ^ [0.75 (1748.12 - 401.52) + 0.25(3487.69 - 935.12)] 

= ^ [ 1009.95 + 638.14 ] = 54.94 kW 

Entropy change: 

Sin - Sex = 0.75(6.7254 - 5.3375) + 0.25(14.0822 - 11.9644) 

= 1.6954 kJ/kg K 

Exergy Flux: 

6 = m (\|/in - Vex) = Q - To m (Sin - Sex) 

= 54.94-298.15 x^x 1.6954 


38.09 kW 
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12.118 


Find the second law efficiency of the heat exchanger in Problem 12.59. 

A flow of 2 kg/s mixture of 50% CO 2 and 50% O 2 by mass is heated in a constant 

pressure heat exchanger from 400 K to 1000 K by a radiation source at 1400 K. 
Find the rate of heat transfer and the entropy generation in the process. 

Solution: 

The second law efficiency follows Eq. 10.32 where the wanted term is the flow 
increase of exergy and the source is the radiation. 


®flow = m(Vex - Vin); ® 

Heat exchanger Energy Eq.6.12: 

Values from Table A.8 due to the high T. 


source 


= Qin(l- 


T 


o 


T 


•) 


source 


Qin = m(he - hi) 


Qin = 2 X (971.67 - 303.76) + ^ x (980.95 - 366.03)] = 1282.8 kW 


O 


source 


= Qin(l- 


To _ 298.15 


T 


source 


) = 1282.8 ( 1 - ) = 1009.6 kW 


Entropy Eq.9.8: rhgSg = rhiSi + Q/T^ + S 


gen 


As P = C, the pressure correction in Eq.8.28 drops out to give generation as 

^gen ~ J^(Se " ^i) " Q/Tg 


= 2 [0.5 x(6.119-5.1196)+ 0.5 x(7.6121 - 6.6838)] -1282.8/1400 
= 1.01 kW/K 


O 


= 0 


-O 


^source ^gen 


flow ^source ^destruction 

= 1009.6-298.15 x 1.01 =708.5 


O 




flow 708.5 


"^source 1^09.6 


= 0.70 




1400 K 


/ 



Remark: We could also 
explicitly have found the 
flow exergy increase. 


Radiation 


e 
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Review Problems 


12.119 

A piston/cylinder contains helium at 110 kPa at ambient temperature 20°C, and 
initial volume of 20 L as shown in Fig. P12.119. The stops are mounted to give a 
maximum volume of 25 L and the nitrogen line eonditions are 300 kPa, 30°C. 
The valve is now opened whieh allows nitrogen to flow in and mix with the 
helium. The valve is elosed when the pressure inside reaches 200 kPa, at which 
point the temperature inside is 40°C. Is this process consistent with the second 
law of thermodynamics? 

Pj = 110 kPa, Tj = 20 °C, Vj = 20 L, = 25 L = V 2 


P 2 = 200kPa, T 2 = 40 °C, Pi = 300 kPa, Ti = 30T 

Constant P to stops, then constant V = => = Pj(V 2 - Vj) 

Qcv = U 2 - Ui + Wcv - njlii, 

= n2h2 - niiii - - (P 2 - Pi)V2 

= nA(hA2 - fiAi) + nB(hB2 ■ hni) ' (^2 ' ^ 1)^2 
nB = ni = PiVi/RTi = 110x0.02/8.3145x293.2 = 0.0009 kmol 
n 2 = nA + nB = P 2 V 2 /RT 2 = 200x0.025/8.3145x313.2 = 0.00192 kmol, 
nA = n 2 - ng = 0.00102 kmol 

Mole fractions: yA 2 = 0.00102/0.00192 = 0.5313, yB 2 = 0.4687 


Qcv = 0.00102x28.013x1.042(40 - 30) + 0.0009x4.003x5.193(40 - 20) 

-(200 - 110) 0.025 
= 0.298 + 0.374 - 2.25 = - 1.578 kJ 

^gen ~ ^2^2 ' ^1^1 " ' Qcv^'^O 

= nA(SA2 - SAi) + %(Sb2 ' ^Bl) ' Qcy^Tq 

313.2 0.5313*200 

Sa 2 ■ ^Ai “ 29.189 In 2 ■ ^ 300 


= 9.5763 


. 313.2 - . 0.4687*200 ^ _ 

Sb 2 - Sbi = 20.7876 In^rr^r^ - R In- TTTt -= 2.7015 


293.2 


no 


Sge„ = 0.00102x9.5763 + 0.0009x2.7015 + 1.578/293.2 

= 0.0176 kJ/K > 0 


Satisfies 2nd law. 
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12.120 

A spherical balloon has an initial diameter of 1 m and contains argon gas at 200 
kPa, 40°C. The balloon is connected by a valve to a 500-L rigid tank containing 
carbon dioxide at 100 kPa, 100°C. The valve is opened, and eventually the balloon 
and tank reach a uniform state in which the pressure is 185 kPa. The balloon 
pressure is directly proportional to its diameter. Take the balloon and tank as a 
control volume, and calculate the final temperature and the heat transfer for the 
process. 



Vai = 6 1-’ = 0.5236, 




PaiVai 


niAi = 


RT 


A1 


200x0.5236 , , 

0.208 13x313.2“ 


mgi = PbiVbi/RTbi = 100x0.50/0.18892x373.2 = 0.709 kg 


P2VAf = P..V''' 


A1 ''A1 


Va2 = V 


AIVP 


P 2 \3 

=0- 


5236 


185 

200 


y = 0.4144 m^ 


2: Uniform ideal gas mixture : 

P2(Va2"'"Vb) = (mys^^R^+mBRB)T2 


T 2 = 185(0.4144+0.50) / (1.606x0.20813 + 0.709x0.18892) = 361.3 K 


P2Va2-PaiVai 

^12“ l-(-l/3) 


185x0.4144-200x0.5236 

(4/3) 


= -21.0kJ 


Q “ I31^Cvoa(T2-Tai) + inBCvoB(T2-TBl) + W 12 


= 1.606x0.312(361.3 - 313.2) + 0.709x0.653(361.3 - 373.2) - 21.0 
= 18.6-21.0 = -2.4 kJ 
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12.121 

An insulated vertical cylinder is fitted with a frictionless constant loaded piston of 
cross sectional area 0.1 and the initial cylinder height of 1.0 m. The cylinder 
contains methane gas at 300 K, 150 kPa, and also inside is a 5-L capsule 
containing neon gas at 300 K, 500 kPa. The capsule now breaks, and the two 
gases mix together in a constant pressure process. What is the final temperature, 
final cylinder height and the net entropy change for the process. 

Ap = 0.1m^, h=1.0m => + Vj^j = 0.1 m^ 

Methane: M = 16.04 kg/kmol, Cp = 2.254 kJ/kg-K, R = 0.51835 kJ/kg-K 
Neon: M = 20.183 kg/kmol, Cp = 1.03 kJ/kg-K, R = 0.41195 kJ/kg-K 

State 1: Methane, T^j = 300 K, P^j = 150 kPa, V^i = Vt^t - V^j = 0.095 m^ 
Neon, Ty = 300 K, P^^j = 500 kPa, Vj,! = 5 L 


_ PalVal 

PblVbl 

R^Tbi 


m. 

0.0916 kg, 0.00571 kmol 

mb 

0.0202 kg, nb = ^ = 0.001 kmol 


State 2: Mix, P 2 niix ^ ^ai = 150 kPa 

Energy Eq: 1 Q 2 = maK 2 -Uai) + ^bC Ub 2 - Ubi) + 1 W 2 ; 1 Q 2 = 0 

1 W 2 = IP dv = P 2 (V 2 -Vi) tot; P 2 V 2 = mtotRmixT 2 = (maRa + mbRb)T 2 
Assume Constant Specific Heat 

0 = maCpa(T2-T^i) + mbCpb(T2-Tbi + (m^Ra + mbRb)T2 - P 2 V 1 

Solving for T 2 = 293.3 K 



(maRa + mbRb)T2 

P 2 


= 0.1087 m^ 




= 1.087 m 


Entropy Eq.: 


^Snet = ma(Sa2- + mb(sb2-Sbi) - 



1 Q 2 “ 0 



0.851, 


yb= 1 -ya = 0.149 


T 


yaP 2 


Sa2 - Sal ^ ln^^ - Raln-b = 0.02503 kJ/kg-K 

^ al ^ 


al 


T2 Yb^l 

Sb2 ■ Sbi ^ Cpb In:^ - Rb In"^ = 1.2535 kJ/kg-K 


bi 


ASnet = 0.0276 kJ/K 
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12.122 


'J 

An insulated rigid 2 m tank A contains CO 2 gas at 200°C, IMPa. An uninsulated 


1 

rigid 1 m tank B contains ethane, C 2 Hg, gas at 200 kPa, room temperature 20°C. 

The two are connected by a one-way check valve that will allow gas from A to B, 
but not from B to A. The valve is opened and gas flows from A to B until the 
pressure in B reaches 500 kPa and the valve is closed. The mixture in B is kept at 
room temperature due to heat transfer. Find the total number of moles and the 
ethane mole fraction at the final state in B. Find the final temperature and 
pressure in tank A and the heat transfer to/from tank B. 

Solution: 



Tank A: = 2 m^ state Aj : CO 2 , T^i = 200°C = 473.2 K, P^i = 1 MPa 

Cyo CO 2 = 0.653 X44.01 = 28.74, Cpo CO 2 = 0.842 x44.01 = 37.06 kJ/kmol K 

Tank B: Vg = 1 m^, state Bj: C 2 H 6 , Tqj = 20°C = 293.2 K, Pgi = 200 kPa 
Slow Flow A to B to Pb 2 = 500 kPa and assume Tb 2 = Tgj = Tg 
Total moles scales to pressure, so with same V and T we have 


^Bi^B “ %iRTbi , 


^Bl^B “ ^B2 mix ^^32 


Mole fraction: yc^Hg B 2 = n 


%i Pbi 200 


Pb2 500 


= 0.400 


B2 


Pbi^b 200 X 1 


%i “ 


RTbi Rx 293.2 


= 0.08204 kmol 


Pb2Vb 500 X 1 


^^B2 mix 


B2 R ^ 293.2 


= 0.2051 kmol 


nco 2 B 2 = 0-2051 -0.08201 =0.12306 kmol 
Now we can work backwards to final state in A 


PaiVa 1000x2 


nAi = 


RT 


A1 


2 = 0*50833 kmol; 11^2 = n^i - rico^ B2 = 0.38527 kmol 


C.V. A: All CO 2 Transient with flow out and adiabatic. 
Energy Eq.: Qcv A = 0 = 11^2 u ^2 - Hai u ai + h ^y^ 
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C.V. B: Transient with flow in and non-adiabatic. 

Qcv B + %i Bi ave ^ B2 ' B1 ^ (liu)c02 ^2 (^^)c 2 Hg B2 ‘ (’^u)c 2 Hg B1 

Qcvb = 0.12306 X 28.74 x 293.2 + 0 - 0.12306 x 37.06 (473.2 + 436.9)/2 

=-1038 kJ 
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12.123 

A 0.2 m insulated, rigid vessel is divided into two equal parts A and B by an 
insulated partition, as shown in Fig. P12.123. The partition will support a pressure 
difference of 400 kPa before breaking. Side A contains methane and side B 
contains carbon dioxide. Both sides are initially at 1 MPa, 30°C. A valve on side 
B is opened, and carbon dioxide flows out. The carbon dioxide that remains in B 
is assumed to undergo a reversible adiabatic expansion while there is flow out. 
Eventually the partition breaks, and the valve is closed. Calculate the net entropy 
change for the process that begins when the valve is closed. 


^Pmax ~ 400 kPa, P^j — Pgj — 1 MPa 

VAl=VB,=0.1m5 

Tai = Tbi = 30 °C = 303.2 K 
CO 2 inside B: 832 = Sgj to Pb 2 = 600 kPa (Py ^2 ^ 1600 kPa) 

0.289 

For C 02 ,k= 1.289 => Tb 2 = 303.2(^^)^'^^‘^ = 270.4 K 

= Pb 2 Vb 2 /RTb 2 = 600x0.1/8.3145x270.4 = 0.026 688 
nA 2 = = 1000x0.1/8.3145x303.2 = 0.039 668 kmol 

Q 23 = 0 = n 3 U 3 - nj 2 Ui 2 + 0 = n^ 2 Cvo a(T3-Ta2) + % 2 Cvo b(T3‘Tb2) ^ 0 

1 

0.039 668x16.04x 1.736(T3-303.2) + 0.026 688x44.01x0.653(T3-270.4) = 0 

Solve T 3 = 289.8 K 

P 3 = 0.066356x8.3145x289.8/0.2 = 799.4 kPa 

Pa 3 = 0.5978x799.4 = 477.9 kPa , Pb 3 = P 3 - Pa 3 = 321.5 kPa 

289 8 477 9 

Sa 3 - s ^2 ^ 16.04x2.254 ln(^^^) - 8.3145 In = 4.505 kJ/kmol K 

289 8 321 5 

Sb 3 - Sb 2 = 44.01x0.842 ln(^^^^) - 8.3145 In ^qq = 7.7546 kJ/kmol K 
ASnet = 0.039668x4.505 + 0.026688x7.7546 = +0.3857 kJ/K 
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12.124 

An air-water vapor mixture enters a steady flow heater humidifier unit at state 1: 

10°C, 10% relative humidity, at the rate of 1 m /s. A seeond air-vapor stream 

enters the unit at state 2: 20°C, 20% relative humidity, at the rate of 2 m /s. 
Liquid water enters at state 3: 10°C, at the rate of 400 kg per hour. A single air- 
vapor flow exits the unit at state 4: 40°C. Caleulate the relative humidity of the 
exit flow and the rate of heat transfer to the unit. 


Assume: P = 100 kPa 

State 1: Tj = 10°C, (t)j = 10%, = 1 m^/s 


Pgi= 
Pal = 


1.2276 kPa, P^i= c^jPgi = 0.1228 kPa, 
P - P^i = 99.877 kPa 


P 


coj = 0.622 


vl 


p 


al 


= 0.000765, 


• Palpal , 

= L2288 kg/s 


al 


= 0.00094 kg/s, = hg^ = 2519.7 kJ/kg 

state 2: T 2 = 20°C, (^2 = 20%, ¥^2 = 2 m^/s 

Pg 2 = 2.3385 kPa, P^ 2 = Pg 2 = 0-4677 kPa, Pa 2 = P - Pv 2 = 99.532 kPa 


P 


v2 


CO 


2 = 0.622- 5 -=0.002923, 

-^a 2 


Pa2 V a2 


^a 2 


a2 


= 2.3656 kg/s 


mv 2 = ro 2 ’^a 2 ^ 0.00691 kg/s, 6^2 = hg 2 = 2538.1 kJ/kg 
State 3: Liquid. 13 = 10°C, m^ = 400 kg/hr = 0.1111 kg/s, h^ = 42 kJ/kg 
State 4: T 4 = 40°C 

• • « 

Continuity Eq. air: = 3.5944 kg/s, 

• • • • 

Continuity Eq. water: m.y 4 = m^j + m .^,2 + ^ 0.11896 kg/s 


CO4 


m ^4 Pv 4 

-=0.0331 =0.622 


m 


a4 


p-p 


v4 


Pv 4 = 5.052 kPa 


P 


Pg 4 = 7.384 kPa, 


v4 


(t )4 = = 0.684, hy 4 = hg 4 = 2574.3 kJ/kg 


g4 


g4 


C^Law: Q + m^jh^i + m^jh^j + m^ 2 ha 2 + mv 2 hv 2 + mf 3 hf 3 = m^ 4 h ^4 + m^ 4 h ^4 
Q = 1.004(3.5944 x 40 - 1.2288 x 10 - 2.3656 x 20) + 0.11896 x 2574.3 


- 0.00094 X 2519.7 - 0.00691 x 2538.1 - 0.1111 x 42.0 


= 366 kW 
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12.125 

You have just washed your hair and now blow dry it in a room with 23°C, (j) = 

60%, (1). The dryer, 500 W, heats the air to 49°C, (2), blows it through your hair 
where the air beeomes saturated (3), and then flows on to hit a window where it 
cools to 15°C (4). Find the relative humidity at state 2, the heat transfer per 
kilogram of dry air in the dryer, the air flow rate, and the amount of water 
condensed on the window, if any. 

The blowdryer heats the air at constant specific humidity to 2 and it then goes 
through an adiabatic saturation process to state 3, finally cooling to 4. 

1: 23°C, 60% rel hum => wi = 0.0104, hi = 69 kJ/kg dry air 

2: W 2 = wi,T 2 => ( 1)2 = 15%, h 2 = 95 kJ/kg dry air 

CV. 1 to 2: 

W 2 = wi; q = h 2 - hi = 95 - 69 = 26 kJ/kg dry air 

riia = Q/q = 0.5/26 = 0.01923 kg/s 
CV. 2 to 3: W 3 - W 2 = rniiq/iha ; iha h 2 + miiq hf = liia hs 

3: (^ = 100% => Ts = Twet ,2 = 24.8°C, W 3 = 0.0198 
4: (^ = 100%, T 4 => W 4 = 0.01065 

riiliq = (w 3 -W 4 )ma = (0.0198-0.01065)x0.01923 = 0.176 g/s 
If the steam tables and formula's are used then we get 

hgi= 2543.5, hg 2 = 2590.3, Pgj = 2.837, Pyi = 1.7022, 

Pg 2 = 11 . 8 , wi = 0.01077, W 2 = W 1 , Pv 2 = Pvl 

^2 ~ Pv 2 /Pg 2 ~ 14.4%, hf 3 = 114, 

Trial and error for adiabatic saturation temperature. 

T 3 = 25°C, W 3 = 0.02, P ^4 =Pg 4 = 1.705 kPa, 

W 4 = 0.622x1.705/(100-1.705) = 0.0108 
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12.126 

Steam power plants often utilize large cooling towers to cool the condenser 
cooling water so it can be recirculated; see Fig. PI2.126. The process is 
essentially evaporative adiabatic cooling, in which part of the water is lost and 
must therefore be replenished. Consider the setup shown in Fig. P12.126, in 
which 1000 kg/s of warm water at 32°C from the condenser enters the top of the 
cooling tower and the cooled water leaves the bottom at 20°C. The moist ambient 
air enters the bottom at 100 kPa, dry bulb temperature of 18°C and a wet bulb 
temperature of 10°C. The moist air leaves the tower at 95 kPa, 30°C, and relative 
humidity of 85%. Determine the required mass flow rate of dry air, and the 
fraction of the incoming water that evaporates and is lost. 


P 4 = 95 kPa 
T 4 = 30 °C 
(t )4 = 0.85 
P 2 = lOOkPa 

T 2 = 18°C 


WBT 2 = 10 °C 



Air + vap. 



LIQ H ■p 


Tj = 32 "C 
rhj = 1000 kg/s 


T3 = 20 °C 


© 


18 T 



= 10 °C, (^ 2 '= 1-0 


Wo' = 


1.2276 

0-622x^qq_^^2276 “ 


LIQ IN 


(ha 2 '-ha 2 ) + W 2 'hFG 2 ' 1.0035(10-18) + 0.00773x2477.7 _ 

Wo =-;-;-=- 0 ^ 0 . . —- = 0.00446 


hv 2 - hF 2 ' 


2534.4-42.0 

3.609 


Py 4 = 0.85 X 4.246 = 3.609, W 4 = 0.622 x 95 3 = 0.02456 

Cons, mass: rh ^2 ^ ^a 4 ^ ^1 ^v 2 ^ 

or m 3 = riij + mjj(w 2 -W 4 ) and set r = m^/m^ 

1 st law: rhihi + mji ^2 + ^ + ^v 4\4 

or r hi + (ha 2 -ha 4 ) + W 2 hv 2 = (r + W 2 - W 4 )h 3 + W 4 h ^4 

r(hi-h3) = ha4 - ha2 + W4hy4 - W2hv2 - (W4-W2)h3 


r(134.15-83.96) = 1.004(30-18) + 0.024 56x2556.3 

- 0.004 46x2534.4 - 0.0201x83.96 
r = mi/mjj= 1.232 rh^j = 811.7 kg/s 

m 3 = ihi + mjj(w 2 -W 4 ) = 1000 - 811.7x0.0201 = 983.7 

Am/ihi = 0.0163 
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12.127 


Ambient air is at a condition of 100 kPa, 35°C, 50% relative humidity. A steady 
stream of air at 100 kPa, 23°C, 70% relative humidity, is to be produced by first 
cooling one stream to an appropriate temperature to condense out the proper 
amount of water and then mix this stream adiabatically with the second one at 
ambient conditions. What is the ratio of the two flow rates? To what temperature 
must the first stream be cooled? 



Qcool T 

LIQ H2O 


MIX 


Pj =P 2 = 100 kPa 
Tj = T 2 = 35 °C 
(jij = (t )2 = 0.50, = 1.0 

P5= 100,1^ = 23 T 

(^5 = 0.70 


2 814 

Pyi = Pyi = 0-5x5.628 = 2.814 kPa => w^ = W 2 = 0.622x^qq ^ = 0.0180 

1.9859 

P . = 0.7x2.837 = 1.9859 kPa => w. = 0.622x,„„ . ^ 5^0 = 0.0126 
v5 5 100-1.9859 

C.V.: Mixing chamber: Call the mass flow ratio r = 
cons, mass: w^ + rw^ =( 1 + r)Wj 


Energy Eq.: h^^ + wjh^^ + rh^^ + rw^hy^ = (1 +r)h ^5 + (1 +r)w,h 


1 Vl 


5^ v5 


0.018+ rw=(l+r) 0.0126 


m 


a 2 0.018-0.0126 


P 


or 


r = 


m 


al 


0.0126-w 


with 


G4 


^4 0.622 X ]^QQ_p 


G4 


1.004x308.2 + 0.018x2565.3 + rxl.004xT. + rw.h . 

4 4 v4 

= (l+r)x 1.004 X 296.2 + (l+r)x0.0126x2543.6 

or r[l.004xT^ + w^h^^ - 329.3]+ 26.2 = 0 

Assume T 4 = 5 “C ^ P^.^ = 0.8721, h (34 = 2510.5 

W 4 = 0.622x0.8721/(100-0.8721) = 0.0055 

, 0.018-0.0126 ^ 

^ “ 0.0126-0.0055 “ 

0.7606[1.004x278.2 + 0.0055x2510.5 - 329.6] + 26.2 = -1.42 « 0 OK 
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12.128 

A semipermeable membrane is used for the partial removal of oxygen from air 
that is blown through a grain elevator storage faeility. Ambient air (79% nitrogen, 
21 % oxygen on a mole basis) is eompressed to an appropriate pressure, cooled to 
ambient temperature 25°C, and then fed through a bundle of hollow polymer 
fibers that selectively absorb oxygen, so the mixture leaving at 120 kPa, 25°C, 
contains only 5% oxygen. The absorbed oxygen is bled off through the fiber walls 
at 40 kPa, 25°C, to a vacuum pump. Assume the process to be reversible and 
adiabatic and determine the minimum inlet air pressure to the fiber bundle. 



MIX 

5 % 


P 2 = 120 kPa 
P 3 = 40 kPa 

All T = 25 °C 


Let Sy^j = Sgi = 0 at T = 25 °C & Pj 

Smix 1 = 0 + 0- y^iR Iny^i - ysiRIn Ybi 

Smix 2 = 0 + 0 - R In (P 2 /P 1 ) - yAiR 111 Yai ~ Ybi 

Pure B: §3 = 0 - R In (P 3 /P 1 ) 

For hiSj = 0282 + 0383 


R -0.8316 In (P 2 /P 1 ) - 0.79 In 0.95 - 0.0416 In 0.05 


- 0.1684 ln(P 3 /Pi) + 0.79 In0.79 + 0.21 ln0.2l]= 0 
0.8316 In (P 2 /P 1 ) + 0.1684 In (P 3 /P 1 ) = -0.3488 + 4.6025 - In Pj = -0.3488 

Pi min = 141 kPa 

For Pj > Pj we would have entropy generation AS > 0 
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.129 

A dehumidifier receives a flow of 0.25 kg/s dry air at 28°C, 80% relative 

humidity as shown in figure P12.105. It is cooled down to 20°C as it flows over 
the evaporator and then heated up again as it flows over the condenser. The 

standard refrigeration cycle uses R-22 with an evaporator temperature of 5°C and 
a condensation pressure of 1600 kPa. Find the amount of liquid water removed 
and the heat transfer in the cooling process. How much compressor work is 
needed? What is the final air exit temperature and relative humidity? 

Solution: 

This set-up has a standard refrigeration cycle with R-22. This cycle and the air 
flow interacts through the two heat transfer processes. The cooling of the air is 
provided by the refrigeration cycle and thus requires an amount of work that 
depends on the cycle COP. 


Refrigeration cycle: 

State 1: X = 1 hj = 251.73 kJ/kg, Sj = 0.9197 kJ/kg K 

State 2: S2 = Si, h2 = 276.75 kJ/kg, T2 = 58°C 
states: X 3 = 0.0, hg = hf= 96.55 kJ/kg, (T 3 = 41.7°C) 
State 4: 64 = h 3 and P4 = Pj 


R-22 R-22 




Now we get 

wc = h2 - hi = 276.75 - 251.73 = 25.02 kJ/kg 
qn = h2 -h3 = 276.75 - 96.55 = 180.2 kJ/kg 
qL = hi -h4 = 251.73 - 96.55 = 155.18 kJ/kg 


For the air processes let us use the psychrometric chart. 
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Air inlet: Win = 0.019, hjn = 96 kJ/kg dry air, T^ew = 24°C > 20°C 
Air20: (^ = 100%, W 20 = 0.0148, £20 = 77.5, hf= 83.94 (B.1.1) 

Now do the continuity (for water) and energy equations for the cooling process 

£^liq ^ £^air (^in ' W 20 ) = 0.25 (0.019 - 0.0148) = 0,00105 kg/s 

Qcool ^ l£air( ^in " ^ 20 ) " = 0.25(96 - 77.5) - 0.00105 83.94 

= 4.537 kW 

Now the heater from the R-22 cycle has 

Qheat = Qcool (Oh / Ol) = 4.537 (180.2 / 155.18) = 5.267 kW 

so the compressor work is the balance of the two 

Wc = Qheat - Qcool = 5-267 - 4.537 = 0.73 kW 
Energy eq. for the air flow being heated 

Qheat ~ ^air( ^ex " ^20) ^ ~ ^20 Qheat ^ ^air 

hgx = 77.5 + 5.267 / 0.25 = 98.6 kJ/kg dry air and Wg^ = W 20 

Locate state in the psychrometric chart 

T = 42°C and ^ = 30% 
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12.130 

A 100-L insulated tank contains N 2 gas at 200 kPa and ambient temperature 

25°C. The tank is connected by a valve to a supply line flowing CO 2 at 1.2 MPa, 

90°C. A mixture of 50% N 2 , 50% CO 2 by mole should be obtained by opening 

the valve and allowing CO 2 flow in to an appropriate pressure is reached and 

close the valve. What is the pressure? The tank eventually cools to ambient 
temperature. Find the net entropy change for the overall process. 

V= 100L,Pi =200kPa, Tj = Tq = 25 T 

Pi =1.2 MPa, Ti = 90°C 

At state 2: y^^ = = 0.50 

^2 CO 2 ^ ^^2 N 2 ^ N 2 ^ Pi V/RTi 

= 200*0.1/8.3145*298.2 = 0.00807 kmol 
n 2 = 0.01614 kmol 

1st law: nihi = n 2 U 2 - HiUi , for const specific heats 

^^iCpoiTi = (niCvoi+niCYoi)T2 - niCyoiTi 

But Ui = Uj ^ CpoiTi = CvoiT 2 + Cvoi(T 2 'Ti) 

44.01x0.842x363.2 = 44.01x0.653 T 2 + 28.013x0.745(T2-298.2) 

T 2 = 396.7 K 

P 2 = n 2 RT 2 /V = 0.01614x8.3145x396.7/0.1 = 532 kPa 
Cool to T 3 = To = 298.2 K 
P 3 = p^x T 3 /T 2 = 532x 298.2/396.7 = 400 kPa 
Q 23 = n 2 Cvo 2 (T 3 -T 2 ) = 0.016 14(0.5x28.013x0.745 

+ 0.5x44.01x0.653X298.2-396.7) = -39.4 kJ 

^ %S 3 - UiSj - UiSi - Q 23 /T 0 
^ Ili[(Sc02)3 ■ ®i] + ’^i[(Sn2)3 ' " Q 23 /T 0 

298.2 0.5x400 

= 0.00807(44.01x0.8418 In 2 ’ ^-^^45 In ^200 ^ 

0.5x400 -39.4 

+ 0.00807x( - 8.3145 In ) - 2 g^ 

= +0.0613 + 0 + 0.1321 = +0.1934 kJ/K 
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12.131 

A cylinder/piston loaded with a linear spring contains saturated moist air at 120 

kPa, 0.1 m volume and also 0.01 kg of liquid water, all at ambient temperature 

20°C. The piston area is 0.2 m , and the spring constant is 20 kN/m. This cylinder 
is attached by a valve to a line flowing dry air at 800 kPa, 80°C. The valve is 
opened, and air flows into the cylinder until the pressure reaches 200 kPa, at 
which point the temperature is 40°C. Determine the relative humidity at the final 
state, the mass of air entering the cylinder and the work done during the process. 

Pi = 120 kPa, Ti = 20 °C = Tq, Vj = 0.1 m^ 

mLiQ 1 = 0.01 kg, Ap = 0.2 m^, k^ = 20 kN/m 
Pi = 800 kPa P 2 = 200 kPa 

Ti = 80 T T 2 = 40 T 

P 2 = Pi + (k,/Ap)(V2-Vi) 

200= 120 + (20/0.22)(V2-0.1) ^ V 2 = 0.26 m^ 



DRY AIR 


(^1 = 1.0 (or Wi = 0.622x2.339/117.66 = 0.012 36) 


PyiVi 2.339x0.1 , 

R^Ti 0.461 52x293.2 ^ Wim^i ) 

Assume no liquid at state 2 
my2 = niyi + mpi = 0.01173 kg 

m^R^T 2 0.0011 73x0.461 52x313.2 ^ 

Pv 2 = ^( 7 — =- ^ -= 6.521 kPa 


V2 

6 521 

^2 “ 7 384^ 0,883 


PaiVi 117.66x0.1 


b) niAi 0.287x293.2 


= 0.1398 


mA2 = 


193.479x0.26 

0.287x313.2 


= 0.5596 


mAi = m 


A2 - i^Ai = 0.4198 kg 


c) Wcv = /PdV = ^(Pi+P 2 )(V 2 -Vi) = |(120+200)(0.26-0.1) = 25.6 kJ 
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12.132 

Consider the previous problem and additionally determine the heat transfer. Show 
that the proeess does not violate the second law. 

a) Qcv = mA 2 hA 2 - mAihAi - niAihAi + m^ 2 hv 2 -myiKi - mLihLi - P 2 V 2 

+ PjV j + W(2v 

= 0.5596x1.004x313.2 - 0.1398x1.004x293.2 

- 0.4198x1.004x353.2 + 0.001173x2574.3 

- 0.00173x2538.4 - 0.01 x83.9 - 200x0.26 + 120x0.1 + 25.6 

= -3.48 kJ 


b) AScv = S 2 - Si = mA2SA2 - mAiSAi + m^s^2 - ^viSvi - mLiSn 

^SsuRR = - Qcv/Tq - mAiSAi 

= 1^A2Sa2 ■ I^AISaI " n^Ai^Ai + ll^vSv2- ^^vlSvl ' " QcY^Tq 

= mA2(SA2-SAi) + mAl(SAi-SAl) + myS^2- mvlSvl - niLiSLi - Qcv/To 


313.2 193.479 

Sa 2 - SAi = 1.004 In 2 ■ 0-287 In = +0.2866 


Sai - Sai = 1.004 In 


313.2 

293.2 


0.287 In 


800 

117.66 


-0.3633 


Sv 2 = Sq 2 - Ry In ^2 ^ 8.2569 - 0.46152 In 0.883 = 8.3143 
Syi = Sqi - Ry In (j)i = 8.6671 - 0 = 8.6671 
Sei ~ Spi ~ 0.2966 

^ ASnet = 0-5596 (+0.2868) + 0.1398 (-0.3633) + 0.01173x8.3143 - 

0.00173x8.6671 - 0.01x0.2966 + 3.48/293.2 

= +0.201 kJ/K 
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12.133 

The air-conditioning by evaporative cooling in Problem 12.103 is modified by 
adding a dehumidification process before the water spray cooling process. This 
dehumidification is achieved as shown in Fig. P12.133 by using a desiccant 
material, which absorbs water on one side of a rotating drum heat exchanger. The 
desiccant is regenerated by heating on the other side of the drum to drive the 
water out. The pressure is 100 kPa everywhere and other properties are on the 
diagram. Calculate the relative humidity of the cool air supplied to the room at 
state 4, and the heat transfer per unit mass of air that needs to be supplied to the 
heater unit. 

States as noted on Fig. PI2.133, text page 506. 

At state 1, 35 °C: Pyi = (^iPgi = 0.30x5.628 = 1.6884 

wi = 0.622x1.6884/98.31 = 0.010 68 

At T 3 = 25 °C: W 3 = W 2 = Wi/2 = 0.00534 
Evaporative cooling process to state 4, where T 4 = 20°C 
As in Eq. 12.30: W 3 (hy 3 - hf 4 ) = Cpoa(T 4 - T 3 ) + W 4 hfg 4 

0.005 34 (2547.2 - 83.9) = 1.004(20 - 25) + W 4 x 2454.2 
W 4 = 0.0074 = 0.622 x P ^4 / (100 - P^ 4 ) 

Pv 4 =1.176 kPa, (^4 = 1.176 / 2.339 = 0.503 

Following now the flow back we have 

At T 5 = 25 °C, W 5 = W 4 = 0.0074 
Evaporative cooling process to state 6 , where Tg = 20°C 

W 5 (hy 5 - hfg) = Cpoa(T 6 ■ T 5 ) + Wg hfgg 

0.0074(2547.2 - 83.9) = 1.004(20 - 25) + Wg x 2454.2 

=> Wg = 0.009 47 

For adiabatic heat exchanger, 

^A 2 = Aas = liiAe = Aav = Aa, Also W 2 = W 3 , Wg = Wy 
So now only Ty is unknown in the energy equation 

^A2 + Wyhyy + hA 6 + Wghyg = hA3 + W 3 hy 3 + hAy + Wyh.,^y 
CpoATy + Wg(hyy - h.yg) = Cpoa(T 2 + Tg - T 3 ) + W 2 (hy 2 - hy 3 ) 

1.004 Ty + 0.009 47(h^y - 2538.1) = 1.004(60 + 20 - 25) 

+ 0.005 34(2609.6 - 2547.2) = 55.526 


or 
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By trial and error, Ty = 54.7 °C, = 2600.3 kJ/kg 

For the heater 7-8, Wg = Wy, 

Q/riiA = Cpoa(T 8 ■ Ty) + Wy(hyg - h^y) 

= 1.004(80 - 54.7) + 0.009 47(2643.7 - 2600.3) 


25,8 kJ/kg dry air 
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Concept Problems 

12.134 

If oxygen is 21 % by mole of air, what is the oxygen state (P, T, v) in a room at 
540 R, 15 psia of total volume 2000 ft^? 


The temperature is 540 R, 

The partial pressure is Pq 2 = yPtot = 3.15 psia. 


AtthisT, P: v = RT/P = 


48.28 X 540 (ft-lbf/lbm R) x R 
3.15 X 144 (Ibf/in^) (in/ft)2 


= 57.48 ft^/lbm 


12.135 

A flow of oxygen and one of nitrogen, both 540 R, are mixed to produee 1 Ibm/s 
air at 540 R, 15 psia. What are the mass and volume flow rates of eaeh line? 

For the mixture, M = 0.21 x 32 + 0.79 x 28.013 = 28.85 
For O 2 , e = 0.21 X 32 / 28.85 = 0.2329 

For N 2 , c = 0.79 x 28.013 / 28.85 = 0.7671 

Sinee the total flow out is 1 Ibm/s, these are the eomponent flows in Ibm/s. 
Volume flow of O 2 in is 

V = emv = em ^ = 0.2329 = 2.81 ft^/s 

P 15x144 

Volume flow of N 2 in is 

. RT 55.15x540 ^ 

V = emv = em= 0.7671 X———= 10.58 fr/s 

P 15x144 


12.136 

A flow of gas A and a flow of gas B are mixed in a 1:1 mole ratio with same T. 
What is the entropy generation per kmole flow out? 

For this eaeh mole fraetion is one half so. 


Eq. 12.19: AS = - R(0.5 lnO.5 + 0.5 lnO.5) = + 0.6931 R 

= 0.6931 X 1.98589 = 1.376 Btu/lbmol-R 
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12.137 

A rigid container has 1 Ibm argon at 540 R and 1 Ibm argon at 720 R both at 20 
psia. Now they are allowed to mix without any external heat transfer. What is 
final T, P? Is any s generated? 

Energy Eq.: U 2 - Elj = 0 = 2mu2 - rnuj^j - muq, = mCy(2T2 - Tia “ Tji,) 

T2 = (Tia + Tib)/2 = 630R, 

Proeess Eq.: V = eonstant => 

P 2 V = 2mRT2 = mR(Ti, + Tjb) = PiVi, + PiVib = PiV 
P 2 = Pi = 20 psia 

AS due to temp ehanges only , not P 

AS = m (S 2 - Sia) + m (S 2 - Sib) = mC [ In + In (T 2 /Tib) ] 

= 1 X 0.124 [ In 11^ + In ] = 0.00256 Btu/R 
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.138 

A rigid container has 1 Ibm CO 2 at 540 R and 1 Ibm argon at 720 R both at 20 
psia. Now they are allowed to mix without any heat transfer. What is final T, P? 

No Q, No W so the energy equation gives eonstant U 

AU = 0 = (1x0.201 + 1x0.124) XT 2 - 1x0.201x540 - 1x0.124x720 

T 2 = 608.7 R, 

Volume from the beginning state 

V = [1x35.10x540/20 + 1x38.68x720/20 ]/144 = 16.25 ft^ 

Pressure from ideal gas law and Eq.12.15 for R 

P 2 = (1x35.10 + 1x38.68) x 608.7/(16.25 xl44) = 19.2 psia 














Sonntag, Borgnakke and van Wylen 


12.139 

A flow of 1 Ibm/s argon at 540 R and another flow of 1 Ibm/s CO 2 at 2800 R 
both at 20 psia are mixed without any heat transfer. What is the exit T, P? 

No work implies no pressure ehange for a simple flow. The energy equation 
beeomes 


ihhi = ihhe = (mh^Ar + (mhi)co2 = (^K)Ar + (mhe)co2 


™C02Cp C02(Te - Ti)c02 + “^ArCp ArC^e “ Ti)Ar - 0 


lilArCp ArTi + mC02Cp C02Ti - [mArCp Ar + niC02Cp CO 2 ] Tg 


1 X 0.124 X 540 + lx 0.201 x 2800 = (1 x 0.124 + 1 x 0.201) x T 2 


T 2 = 1937.7 R 


P 2 = 20 psia 


*5 


1 Ar 




fa 


2 CO2 



MIXING 

CHAMBER 


Acb 


:? 


3 Mix 


12.140 

What is the rate of entropy inerease in problem 12.139? 


Using Eq. 12.4, the mole fraetion of CO 2 in the mixture is 0.4758. 

From Eqs. 12.16 and 12.17, from the two inlet states to state 2, 

... .1937.7. 38.68, .0.5242x20.. 

AS= lx[0.124 ln( )-^^ln( ^ 7 ^ )] 


20 


, ..1937.7. 35.10, .0.4758x20.. _ , „ 

+ lx[0.201 ln( 2300 ^ ~ 778 ^ ^-20-^ Btu/s R 






















Sonntag, Borgnakke and van Wylen 


12.141 

If I have air at 14.7 psia and a) 15 F b) 115 F and c) 230 F what is the 
maximum absolute humidity I ean have? 

Humidity is related to relative humidity (max 100%) and the pressures as in 
Eq. 12.28 where from Eq. 12.25 Py = O Pg and Pa^Ptof^v 


CO = 0.622 



0.622 



a) CO = 0.622 x 0.2601/99.74 = 0.001 62 

b) CO = 0.622 X 9.593/90.407 = 0.0660 

e) Pg = 20.78 psia, no max co for P > 14.7 psia 
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Mixture Composition and Properties 
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12.142 

A gas mixture at 250 F, 18 Ibf/in.^ is 50% N 2 , 30% H 2 O and 20% O 2 on a mole 

basis. Find the mass fraetions, the mixture gas eonstant and the volume for 10 
Ibm of mixture. 

From Eq. 12.3: O; = y; M/ X yjMj 

Mmix = Z yjMj = 0.5 X 28.013 + 0.3 x 18.015 + 0.2 x 31.999 

= 14.0065 + 5.4045 + 6.3998 = 25.811 
0n2 = 14.0065 / 25.811 = 0.5427, 0h2O = 5-4045 / 25.811 = 0.2094 

002 = 6.3998/25.811 = 0.2479, sums to 1 OK 

Rmix = ^Mmix= 1545.36/25.811 =59.87 Ibfft/lbmR 
V = mR^ix T/P = 10 X 59.87 x 710 / (18 x 144) = 164 ft^ 
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12.143 

Weighing of masses gives a mixture at 80 F, 35 Ibf/in. with 1 Ibm O 2 , 3 Ibm N 2 
and 1 Ibm CFI 4 . Find the partial pressures of eaeh eomponent, the mixture speeifie 
volume (mass basis), mixture moleeular weight and the total volume. 

From Eq. 12.4: y[ = (mj /Mj) / X 

ntot = Z mj/Mj = (1/31.999) + (3/28.013) + (1/16.04) 

= 0.031251 + 0.107093 + 0.062344 = 0.200688 
y 02 = 0.031251/0.200688 = 0.1557, yN 2 = 0.107093/0.200688 = 0.5336, 

ycH 4 = 0.062344/0.200688 = 0.3107 

P 02 = y 02 Ptot = 0-1557 X 35 = 5.45 Ibf/in.^, 

Pn 2 ^ yN 2 Ptot ^ 0.5336 X 35 = 18.676 Ibf/in.^, 

PcH 4 = ycH4 Plot = 0.3107 X 35 = 10.875 Ibf/in.^ 

Vtot = RT/P = 0.200688 x 1545 x 539.7 / (35 x 144) = 33.2 ft^ 

V = V^Qt/m^oj = 33.2/ (1 + 3 + 1) = 6.64 ft^/lbm 
Mmix = Z yiMj = mtot/ntot = 5/0.200688 = 24.914 
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12.144 

A new refrigerant R-410a is a mixture of R-32 and R-125 in a 1:1 mass ratio. 
What is the overall molecular weight, the gas constant and the ratio of specific 
heats for such a mixture? 

Eq.12.15: 

Rmix = Z CiRi = 0.5 X 29.7 + 0.5 x 12.87 = 21,285 ft-lbf/lbm R 
Eq.12.23: 

Cp mix = Z Ci Cp i = 0.5 X 0.196 + 0.5 x 0.189 = 0.1925 Btu/lbm R 
Eq.12.21: 

Cy mix ^ Z CiCy j = 0.5 X 0.158 + 0.5 X 0.172 = 0.165 Btu/lbm R 

( " mix ■ Rmix ) 

^mix ~ mix ^ mix ~ 0.1925 / 0.165 = 1,1667 
M = Z YjMj = = 1 / Z (cj / Mj) = 

52.024 ^ 120.022 


= 72,586 
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Simple Processes 
12.145 

A pipe flows 1.5 Ibm/s mixture with mass fraetions of 40% CO 2 and 60% N 2 at 

60 Ibf/in. , 540 R. Heating tape is wrapped around a seetion of pipe with 
insulation added and 2 Btu/s eleetrieal power is heating the pipe flow. Find the 
mixture exit temperature. 

Solution: 

C.V. Pipe heating section. Assume no heat loss to the outside, ideal gases. 

Energy Eq.: Q = mi\ - hj) = ihCp g - Ti) 

From Eq. 12.23 

Cp mix = Z Ci Ci = 0.4 X 0.201 + 0.6 x 0.249 = 0.2298 Btu/lbm R 

Substitute into energy equation and solve for exit temperature 

Te = Ti + Q /rnCpj^ix = 540 + 2/(1.5 x 0.2298) = 545.8 R 
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12.146 

An insulated gas turbine reeeives a mixture of 10% CO 2 , 10% H 2 O and 80% N 2 

on a mass basis at 1800 R, 75 Ibf/in. . The volume flow rate is 70 ft /s and its 

exhaust is at 1300 R, 15 Ibf/in. . Find the power output in Btu/s using eonstant 
speeifie heat from F.4 at 540 R. 


C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 
Energy Eq.: Wj = m(hi - hg) = n(hi - = nCp - Tg) 


PV = nRT 


• PV 

=> n = — 

RT 


75 X 144 X 70 
1545.4 X 1800 


= 0.272 Ibmol/s 



P mix 



Zyj Q = 0.1 X 44.01 x 0.201 + 0.1 x 18.015 x 0.447 


+ 0.8 X 28.013 X 0.249 = 7.27 Btu/lbmol R 


Wt = 0.272 X 72.7 x (1800 - 1300) = 988.7 Btu/s 
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12.147 

Solve Problem 12.146 using the values of enthalpy from Table F.6 

C.V. Turbine, Steady, 1 inlet, 1 exit flow with an ideal gas mixture, q = 0. 


Energy Eq.: 

Wx = m(hi - hg) = n(hi - hg) 

PV = nRT 

• PV 75 X 144 X 70 _ ., 

^ ^ - 1545.4 x 1800 0-272 Ibmol/s 

ivl 


Wx = 0.272 X [0.1(14 358 -8121)+ 0.1(11 178 -6468.5) 

+ 0.8(9227-5431)] 

= 1123.7 Btu/s 
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12.148 

A piston cylinder device contains 0.3 Ibm of a mixture of 40% methane and 60% 
propane by mass at 540 R and 15 psia. The gas is now slowly compressed in an 
isothermal (T = constant) process to a final pressure of 40 psia. Show the process 
in a P-V diagram and find both the work and heat transfer in the process. 


Solution: 

C.V. Mixture of methane and propane, this is a control mass. 
Assume methane & propane are ideal gases at these conditions. 
Energy Eq.5.11: m(u 2 - uj) = 1 Q 2 - 1 W 2 
Property from Eq.12.15 

Rmix = 0-4 RcH4 + 0-6 Rc3H8 


= 0.4 X 96.35 + 0.6 x 35.04 = 59.564 


ft-lbf 

IbmR 


0.07656 


Btu 

IbmR 


Process: T = constant & ideal gas => 

1 W 2 = IP dV = mR^^T j (W)dV = mR^i^T In (V 2 /V 1 ) 

= mRjnixT In (P 1 /P 2 ) 

= 0.3 X 0.07656 x 540 In (15/40) = -12.16 Btu 

Now heat transfer from the energy equation where we notice that u is a 
constant (ideal gas and constant T) so 

1 Q 2 = rn(u 2 - uj) + 1 W 2 = 1 W 2 = -12.16 Btu 




V 


s 
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12.149 

A mixture of 4 Ibm oxygen and 4 Ibm of argon is in an insulated piston eylinder 

arrangement at 14.7 Ibf/in. , 540 R. The piston now eompresses the mixture to 
half its initial volume. Find the final pressure, temperature and the piston work. 

Sinee assume ideal gases. 

Energy Eq.; u^ - Uj = - jW^ = - jW^ ; Entropy Eq.: s^ - Sj = 0 

Proeess Eq.: Pv*^ = constant, v^ = Vj/2 

P 2 = PiCv/v^)*^ = Pi( 2 )k; T 2 = TjCv/v^)’^-! = Tj( 2 )k -1 

Find k , to get P,, T, and C for u, - u, 

mix c? 2’ 2 V mix 2 1 

R . =Ec.R. = (0.5 x48.28 +0.5 x 38.68)/778 = 0.055887 Btu/lbmR 

mix 11 ^ ^ 

. =Sc.C„. = 0.5 x 0.219+ 0.5 x 0.1253 = 0.17215 Btu/lbmR 

Pmix 1 Pi 

C . =Cp . -R . =0.11626, k . =a ./C , = 1.4807 

vmix Pmix mix ’ mix Pmix vmix 

P 2 = 14.7(2)^■4^'^^= 41.03 lbf/in2, = 540 x 20-4805= 753 5 r 
jW^ = Uj- U 2 = C^(Tj-T 2 ) = 0.11626 (540 - 753.5) = -24.82 Btu/lbm 
,W^ = m_ ,w = 8 (-24.82) = -198.6 Btu 

12 tot 1 2 ^ ^ 
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12.150 

Two insulated tanks A and B are eonneeted by a valve. Tank A has a volume of 

30 ft and initially eontains argon at 50 Ibf/in. , 50 F. Tank B has a volume of 60 

ft and initially eontains ethane at 30 Ibf/in. , 120 F. The valve is opened and 
remains open until the resulting gas mixture eomes to a uniform state. Find the 
final pressure and temperature. 


Energy eq.: U^-U^ = 0 = + n 

Z O 


50x144x30 

n. = P. ,V./RT., = ^ ^ „ = 0.2743 Ibmol 

Ar A1 A A1 1545x509.7 

30x144x60 

~ 1545x579.7 ~ Ibmol 

n. = n. +n„„ =0.5637 Ibmol 

2 Ar C,H, 

2 o 

Substitute this into the energy equation 

0.2743 X 39.948 x 0.0756 (T^ - 509.7) 

+ 0.2894 X 30.07 x 0.361 (T^ - 509.7) = 0 


Solving, T, = 565.1 R 


0.5637x1545x565.1 , 

= n^RTV(V^+Vg) =. . .= 38 Ibf/in^ 


90x144 
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12.151 

A mixture of 50% carbon dioxide and 50% water by mass is brought from 2800 

7 7 

R, 150 Ibf/in. to 900 R, 30 Ibf/in. in a polytropic process through a steady flow 
device. Find the necessary heat transfer and work involved using values from F.4. 

Process Pv” = constant leading to 
n InCv^/Vj) = InCP/P^); v = RT/P 

n = ln(150/30) / ln(900 x 150/30 x 2800) =3.3922 
R . = Ec.R. = (0.5 X 35.1 +0.5 X 85.76)/778 = 0.07767 Btu/lbmR 

. = Ec.C^, = 0.5 X 0.203 + 0.5 x 0.445 = 0.324 Btu/lbm R 

P mix 1 Pi 

w = - fvdP =(P V -P.v.) = -^^(T - T.) 

n-1 ^ e e 1 U n-1 ^ e v 


3.3922 X 0.07767 
2.3922 


(900-2800) =209.3 


Btu 

Ibm 


q = h -h. + w = C„(T - T.) + w = -406.3 Btu/lbm 

^ e 1 P^ e R 






Sonntag, Borgnakke and van Wylen 


Entropy Generation 


12.152 


Carbon dioxide gas at 580 R is mixed with nitrogen at 500 R in an insulated 

mixing ehamber. Both flows are at 14.7 Ibf/in. and the mole ratio of earbon 
dioxide to nitrogen is 2:1. Find the exit temperature and the total entropy 
generation per mole of the exit mixture. 

CV mixing ehamber, Steady flow. The inlet ratio is = 2 and assume 


C02 


'N2 


no external heat transfer, no work involved. 


h„„ + 2m. = h = 3h-- ; m. (K. + 2h„„ ) = 3h-. h . 

CO^ ex CO ^ 


2 2 


mix ex 


Take 540 R as referenee and write h = h^^^ + Cp^.^(T-540). 


(R^^-540) + 2Cp^^JT.^^ 




pro v-rn -540) = 3Cp . (T . -540) 

PCO^^ 1CO^ ^ P mix^ / 


mix ex 


Cp . = Zy.a. = (29.178 + 2x37.05)/3 = 8.2718 Btu/lbmolR 

P mix 1 P 1 ^ ^ 

3C„ .T . =C„,, T.+2C„„„T. „„ = 13 837 Btu/lbmol 

P mix mix ex P i P CO^ i CO^ 

T . = 557.6 R; P ^ = P, 73; P = 2P^ 73 

mix ex ’ ex N 2 tot ’ ex CO 2 tot 


S = n s -(ns).™ - (ns)._ = n,, (s - s.)_ + 2n,, (s - s.)™ 

ov V /iCO^ ^ ^iN^ e e rCO 


gen ex ex 


T 


T 


S /m, = In 7^ - Rln y^, + In - 2 Rln y 

gen PN^ T.,. PCO^ T. 


iN 


iCO 


CO 


= 0.7575 + 2.1817 - 0.7038 + 1.6104 = 3.846 Btu/lbmol R 




1 N 




2 CO 2 



MIXING 

CHAMBER 


S 




gen 



3 Mix 
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12.153 

A mixture of 60% helium and 40% nitrogen by mole enters a turbine at 150 
Ibf/in. , 1500 R at a rate of 4 Ibm/s. The adiabatie turbine has an exit pressure of 

'y 

15 Ibf/in. and an isentropie effieieney of 85%. Find the turbine work. 

Assume ideal gas mixture and take CV as turbine. 

Energy Eq. ideal turbine: w„ = h. - h , 

IS 1 6S 

Entropy Eq. ideal turbine: s = s. ^ T = T.(P 

^ es 1 es 1 ^ e r 

Cp . =0.6x 1.25x 4.003 + 0.4x 0.248x 28.013 = 5.781 IBtu/lbmolR 

P mix 

(k-1 )/k = :^Cp = 1545/(5.7811 x778) = 0.343 5 

M . = 0.6 X 4.003 + 0.4 x 28.013 = 13.607, 

mix ’ 

= CJM . = 0.4249 Btu/lbm R 

P P mix 

T = 1500(15/150)®-3^^^ = 680R, w., = CAT.-T ) = 348.4 Btu/lbm 

SS is X 1 6S 

Then do the aetual turbine 


w„ = 296.1 Btu/lbm; W = riiw^, =1184Btu/s 

1 3.C Is is 
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12.154 

A large air separation plant takes in ambient air (79% N 2 , 21% O 2 by volume) at 
14.7 Ibf/in. , 70 F, at a rate of 2 lb moFs. It diseharges a stream of pure O 2 gas at 

30 Ibf/in.^, 200 F, and a stream of pure N 2 gas at 14.7 Ibf/in.^, 70 F. The plant 

operates on an eleetrieal power input of 2000 kW. Caleulate the net rate of 
entropy ehange for the proeess. 


Air 79 % N 

21 % O 2 

Pj = 14.7 
Tj = 70F 


hj = 2 Ibmol/s 



pure O2 
pure N 2 


= 2000 kW 


P2 = 30 
= 200 F 
P 3 = 14.7 
T 3 = 70 F 


^^NET QcV , ... QcV , 

— t :— = -^^+ n.As. =+(n.s. + n.s^ - n.s.) 
dt 1 q 1q ^22 33 IF 


Qcv = ^nAL + W^^ = nQ^C 




= 0.21x2x[32x0.213x(200-70)] + 0 - 2000x3412/3600 
= +382.6 - 1895.6 = -1513 Btu/s 


Eh.As, = 0.21x2r32x0.2191n 

1 1 L 


660 


530 ' 778 0.21x14.7 


1545, 30 

In 


+ 0.79x2[0-^l„ 


778 ^^^0.79x14.7 


dS 


= -1.9906 Btu/Rs 


NET 1513 

= + - 1.9906 = 0.864 Btu/R s 


dt 


530 
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12.155 

A tank has two sides initially separated by a diaphragm. Side A eontains 2 Ibm of 

water and side B eontains 2.4 Ibm of ah, both at 68 F, 14.7 Ibf/in. . The 
diaphragm is now broken and the whole tank is heated to 1100 F by a 1300 F 
reservoir. Find the final total pressure, heat transfer, and total entropy generation. 

U,-U, = m (u--u,) +m (u,-u,) = ,Q, 

2 1 2 Fa 2 Fv 1^2 

S,-S = m (s-'S.) +m(s,-s,) = r,Q7T + S 

2 1 a^ 2 Fa 2 Fv J 1^2 gen 

V^ = V,+V„ = mv ,+mv =0.0321 + 31.911 =31.944 

2 A B V vl a al 

V ^ = VJm = 15.9718, => = 58.7 Ibf/in^ 

v2 2 V ’2 2v 

v ^2 = V^/m^ = 13.3098, => P 2 ^ = mRT 2 /V 2 = 43.415 Ibf/in^ 

P 2 tot = P 2 V + P 2 a = 102 Ibf/in^ 

Water: = 36.08 Btu/lbm, U 2 = 1414.3 Btu/lbm, 

Sj = 0.0708 Btu.lbm R, S 2 = 2.011 Btu/lbm R 

Air: u^ = 90.05 Btu/lbm, U 2 = 278.23 Btu/lbm, 

s^-j = 1.6342 Btu/lbm R, = 1.9036 Btu/lbm R 

jQ 2 = 2(1414.3 - 36.08) + 2.4(278.23 - 90.05) = 3208 Btu 

= 2(2.011-0.0708) + 2.4[1.9036 - 1.6342 

- (53.34/778)xln(43.415/14.7)] - 3208/1760 
= 3.8804 + 0.4684 - 1.823 = 2.526 Btu/R 



1300 F 
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12.156 

Find the entropy generation for the proeess in Problem 12.150E. 


Energy eq. 


U.-U. =0-n. a^T.-T.O + n, ^ 


2 1 


Ar VO^ 2 A1 


I o 


50x144x30 

n. = P . ,V./RT., = ^ ^ „ = 0.2743 Ibmol 

Ar A1 A A1 1545x509.7 

30x144x60 

~ 1545x579.7 ~ Ibmol 

n, = n. + n„ .. = 0.5637 Ibmol 

2 Ar C,H, 

2 o 

Substitute into energy equation 

0.2743 X 39.948 x 0.0756 (T^ - 509.7) 

+ 0.2894 X 30.07 x 0.361 (T^ - 509.7) = 0 
Solving, T = 565.1 R 


0.5637x1545x565.1 , 

P, = n^RT^/CV^+Vg) =--= 38 Ibf/in^ 


90x144 


^SsuRR = 0 


^Snet = AS^^. + „ 

2 6 2 6 


y. =0.2743/0.5637 = 0.4866 


Ar 


ASAr - Cp Ar 


in - R in 


T 


A1 


P 


A1 


= 39.948x0.1253 Inl^ - In= 2.4919 Btu/lbmol R 


509.7 778 


50 


AS 


= C 


In 


Tl .. yC2H6P2 


C2H6 -C2H6 T 


-Rln 


B1 


P 


B1 


.. 565.1 1545. 0.5134x38 

= 30.07x0.427 InT;;:^^ - ^;;;7rln 


579.7 778 


30 


= 0.5270 Btu/lbmol R 


ASnet = 0.2743x2.4919 + 0.2894x0.5270 = 0.836 Btu/R 
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Air Water vapor Mixtures 


12.157 

Consider a volume of 2000 ft that eontains an air-water vapor mixture at 14.7 

Ibf/in. , 60 F, and 40% relative humidity. Find the mass of water and the humidity 
ratio. What is the dew point of the mixture? 

Air-vap P = 14.7 Ibf/in.^, T = 60 F, ^ = 40% 

Pg = P,at60 = 0-256 lbf/in.2 

P^ = ^ Pg = 0.4 X 0.256 = 0.1024 Ibf/in.^ 



PyV 0.1024x 144 x2000 
RvT~ 85.76 x 520 


= 0,661 Ibm 


Pa = Ptot- Pvi = 14.7 - 0.1024 = 14.598 Ibf/in.^ 



14.598 X 144 X 2000 
53.34 X 520 


151.576 Ibm 


0.661 

^m^" 151.576 


0.00436 


Tdew is T when Pg(Tdew) = 0.1024 Ibf/in.^; T = 35.5 F 
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12.158 

A 1 Ibm/s flow of saturated moist air (relative humidity 100%) at 14.7 psia and 
50 F goes through a heat exehanger and eomes out at 77 F. What is the exit 
relative humidity and the how mueh power is needed? 

Solution: 

State 1 : (()i = 1 ; Py = Pg = 0.178 psia 

Eq.12.28: w = 0.622 Py/P^ = 0.622 x 0.178/(14.7 - 0.178) = 0.00762 
State 2 : No water added => W 2 = w^ => Py 2 = Pyi 
^2 = Pv2/Pg2 = 0.178/0.464 = 0.384 or 38 % 

Energy Eq.6.10 

• • • 

Q = m2h2 - mihi = m^( h2 - hO^i^ + wma( h2 - hi\apoT 

Atot = tha + rhy = ma( 1 + wj) 

Energy equation with Cp from F.4 and h’s from F.7.1 

Q = TT^ Cp - (77 - 50) + w (hg 2 - hgi) 

= EO^ ^ ^-24 (77 - 50) + ^007%^^ (1090.73 - 1083.29) 

= 6.431 +0.0563 = 6.49 Btu/s 
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12.159 

Consider a 10-ft rigid tank containing an air-water vapor mixture at 14.7 Ibf/in. , 
90 F, with a 70% relative humidity. The system is cooled until the water just 
begins to condense. Determine the final temperature in the tank and the heat 
transfer for the process. 

Pyi = = 0.7 X 0.6988 = 0.489 Ibf/in^ 

Since m = const & V = const & also P = P„,: 

V V (j2 


P^, = P ,xT7T, = 0.489x17549.7 

G2 vl 2 1 2 


For = 80 F: 
For = 70 F: 


0.489x539.7/549.7 = 0.4801 0.5073 

0.489x529.7/549.7 = 0.4712 + 0.3632 


interpolating 


= 78.0 F 


_ n ro. Q-489 

W 2 Wj 0.622 ^J2t.7.0.489) 


= 0.0214 


Pai^ 14.211x144x10 
R T, 53.34x549.7 

3 1 


( = Pq at 80 F ) 

( = PQat70F) 


1 st law: 

1Q2 = U2-U1 = + my(Uy2-Uyi) 

= 0.698[0.171(78 - 90) + 0.0214(1036.3 - 1040.2)] 
= 0.698(-2.135 Btu/lbm air) = -1.49 Btu 
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12.160 

Consider a 35 ft /s flow of atmospheric air at 14.7 psia, 77 F and 80% relative 
humidity. Assume this flows into a basement room where it cools to 60 F at 14.7 psia. 
How much liquid will condense out? 


Solution: 


State 1: 


^sat25 


= 0.464 psia => Py = (j) P„ = 0.8 x 0.464 = 0.371 psia 


. PyV 0.371 x 35 x 144 , 

R^T 85.76 x 536.67 0-0406 Ibm/s 


w^ 


riivl Pvl 0.371 

= 0.622 = 0.622 . . ^ = 0.0161 


mAl 


P 


At 


14.7-0.371 


myi 0.0406 , . . 

niAl = 7^ = 0.0161 " 


(continuity for air) 


Check for state 2: 

Pg 60 F = 0.256 psia < Pyj 
so liquid water out. 



State 2 is saturated ^2 100% , Py 2 = Pg 2 = 0.256 psia 

W2 = 0.622 ^ = 0.622 , . = 0.0110 

^ ^A2 14./-U.ZJO 

mv 2 = W2mA2 ^ 0.0110 x 2.522 = 0.0277 Ibm/s 
’^liq ■ ^^¥2 ^ 0.0406 - 0.0277 = 0,0129 Ibm/s 


Note that the given volume flow rate at the inlet is not that at the exit. The 
mass flow rate of dry air is the quantity that is the same at the inlet and exit. 
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12.161 


'1 

Air in a piston/cylinder is at 95 F, 15 Ibf/in. and a relative humidity of 80%. It is 

now compressed to a pressure of 75 Ibf/in. in a constant temperature process. 

Find the final relative and specific humidity and the volume ratio V^Vy 

Check if the second state is saturated or not. First assume no water is condensed 
1: Pvi= (1 )jPqj = 0.66, wi = 0.622x0.66/14.34 = 0.0286 

2: W 2 = 0.622 Pv 2 /(P 2 -Pv 2 ) = wi => Pv 2 = 3.297 > Pg = 0.825 Ibf/in^ 
Conclusion is state 2 is saturated 

(t)2 = 100%, W2 = 0.622 Pg/(P2-Pg) = 0.00692 

To get the volume ratio, write the ideal gas law for the vapor phases 
V2 = Va2 + Vv2 + Vf2 = (maRa + mv2Rv)T/P2 + miiq vf 

Vi = Val + Vvl = (maRa mviRv)T/Pi 

Take the ratio and devide through with maRaT/P 2 to get 

1 + 0.622w 2 + (w 1 - W2)P2 Vf/RaT 
V2/V, = (P,/P2) - 1 + 0.622 Wi -= 

The liquid contribution is nearly zero (= 0.000127) in the numerator. 
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A 10-ft rigid vessel initially contains moist air at 20 Ibf/in. , 100 F, with a 
relative humidity of 10%. A supply line connected to this vessel by a valve carries 

steam at 100 Ibf/in. , 400 F. The valve is opened, and steam flows into the vessel 
until the relative humidity of the resultant moist air mixture is 90%. Then the 
valve is closed. Sufficient heat is transferred from the vessel so the temperature 
remains at 100 F during the process. Determine the heat transfer for the process, 
the mass of steam entering the vessel, and the final pressure inside the vessel. 



AIR 

+ 

H2O 


Air-vap mix: = 20 Ibf/in^, T^ = 560 R 

(^j = 0.10, T2 = 560 R, (^2 = 0.90 
P , = (b,P^, = 0.1x0.9503 = 0.095 Ibf/in^ 

vl ^1 G1 

P - = 0.9x0.9503 = 0.8553 Ibf/in^ 

v2 

P = P = P, - P = 20 - 0.095 = 19.905 

az al 1 vl 

Wj = 0.622x0.095/19.905 = 0.002 96 


w, = 0.622x0.8553/19.905 = 0.026 64 


m 

V 

W = 

m 

a 


m . = m (w.-w,), m 

Vl a^ 2 F’ a 


19.905x144x10 

53.34x560 


= 0.96 Ibm 


P 2 = 19.905 + 0.855 = 20.76 Ibf/in^ 

m^. = 0.96(0.02664 - 0.00296) = 0.0227 Ibm 

CV: vessel 

= m (u ,-u .) + m ,u , - m ,u , - m .h. 

^CV a^ a2 aV v2 v2 vl vl vi i 

V G at T vl v2 Gat 100 F’ a2 al 

^ = m^.(U (3 - h.) = 0.0227(1043.5-1227.5) = -4.18 Btu 
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A water-filled reaetor of 50 is at 2000 Ibf/in.^, 550 F and loeated inside an 

insulated eontainment room of 5000 ft that has air at 1 atm. and 77 F. Due to a 
failure the reaetor ruptures and the water fills the eontainment room. Find the 
final pressure. 

CV Total eontainer. 

Energy: mv(u 2 - ui) + ma(u 2 - ui) = 1 Q 2 - 1 W 2 = 0 

Initial water: vi = 0.021407 ft^/lbm, ui = 539.24, my = V/v = 2335.7 Ibm 

Initial air: ma = PV/RT = 14.7x4950x144/53.34x536.67 = 366.04 Ibm 

Substitute into energy equation 

2335.7 (U2 - 539.24) + 366.04 x 0.171 (T 2 - 77) = 0 
U 2 + 0.0268 T 2 = 541.3 & V 2 = V 2 /mv = 2.1407 ft3/lbm 

Trial and error 2-phase (Tguess> V 2 => X 2 => U 2 => LFIS) 

T = 300 X 2 = (2.1407-0.01745)/6.4537 = 0.329, U 2 = 542.73 Btu/lbm 

LHS = 550.789 Btu/lbm too large 

T = 290 X 2 = (2.1407-0.01735)77.4486 = 0.28507, U 2 = 498.27 Btu/lbm 

LHS = 506.05 Btu/lbm too small 

T 2 = 298 F, X 2 = 0.3198, Psat = 65 Ibf/in^, LHS = 541.5 OK 

Pa2 = PalViT 2 /V 2 Ti = 14.7x4950x757.7/5000x536.67 = 20.55 Ibf/in^ 

=> P 2 = Pa2 + Psat = 85.55 Ibf/in^ 



5000 11^ 

50ft^ 
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Two moist air streams with 85% relative humidity, both flowing at a rate of 0.2 
Ibm/s of dry air are mixed in a steady flow setup. One inlet flowstream is at 90 F 
and the other at 61 F. Find the exit relative humidity. 

Solution: 

CV mixing ehamber. 

Continuity Eq. water: ihajj. wi + W 2 = Wgx; 


Energy Eq.: hi + hg^ 

Properties from the tables and formulas 

Pg 90 = 0.699 ; Pyi = 0.85 x 0.699 = 0.594 psia 

wi = 0.622 X 0.594 / (14.7 - 0.594) = 0.0262 
Pg6i = 0.2667 ; Py 2 = 0.85 x 0.2667 = 0.2267 psia 
W2 = 0.622 X 0.2267 / (14.7 - 0.2267) = 0.00974 
Continuity Eq. water: Wgx = (wi + W2)/2 = 0.018 ; 

For the energy equation we have h = h^ + why so: 

2 hgx "hi - h2 — 0 — 2hg gx - h^ i - h^ 2 2wgxhy gx - wihy 1 - why 2 

we will use eonstant heat eapaeity to avoid an iteration on Tgx. 

Cp air(2Tex ' Ti - T 2 ) + Cp H2o(2WexTex - WiTi - W 2 T 2 ) = 0 

Tex = [ Cp air(T 1 + T 2 ) + Cp H2 o(wiT 1 + W 2 T 2 ) ]/ [2Cp ^ir + 2WgxCp h2o] 
= [ 0.24 (90 + 61) + 0.447(0.0262 x 90 + 0.00974 x 61]/0.4961 
= 75.7 F 


w 


P 


ex 


V ex 0.622 + w 


ex 


0.622 + 0.018 ^^-^ 0.413 psia, 


Pg gx = 0.445 psia => 


(}) = 0.413 /0.445 = 0.93 or 93% 
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12.165 


A flow of moist air from a domestic furnace, state 1 in Figure P12.98, is at 120 
F, 10% relative humidity with a flow rate of 0.1 Ibm/s dry air. A small electric 
heater adds steam at 212 F, 14.7 psia generated from tap water at 60 F. Up in the 
living room the flow comes out at state 4: 90 F, 60% relative humidity. Find the 
power needed for the electric heater and the heat transfer to the flow from state 1 
to state 4. 



State 1: F.7.1: Pgj = 1.695 psia, hgj = 1113.54 Btu/lbm 


Pyl = (j) Pgi = 0.1 X 1.695 = 0.1695 psia 


P 


vl 


0.1695 


wi 0.622 ^-^^^ 14 . 7 - 0.1695 


= 0.00726 


Starte 2: hf= 28.08 Btu/lbm; 

State 4: Pg 4 = 0.699 psia, hg 4 = 1100.72 Btu/lbm 

Py 4 = (j) Pg 4 = 0.6 X 0.699 = 0.4194 psia 


State 2a: h„ 212 ^ 1150.49 Btu/lbm 


P 


W4 = 0.622 p 


v4 


tot 


- Pv4 


= 0.622 


0.4194 


14.7-0.4194 


= 0.0183 


miiq = m^ (coj - CO 4 ) = 0.1 (0.0183 - 0.00726) = 0.0011 Ibm/s 

Energy Eq. for heater: 

Qheater = ^liq (h^ut “ hin) = 0.0011 (1150.49 - 28.08) 

= 1.235 Btu/s = 1.17 kW 

Energy Eq. for line (excluding the heater): 

• • • 

Qline = iK 4 + “ ^al “ Wjhgj) - mjiq hg 212 

= 0.1[ 0.24(90 - 120) + 0.0183 x 1100.72 - 0.00726 x 1113.54 ] 

-0.0011 X 1150.49 


= -0.78 Btu/s 
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12.166 

Atmospheric air at 95 F, relative humidity of 10%, is too warm and also too dry. 
An air conditioner should deliver air at 70 F and 50% relative humidity in the 

amount of 3600 ft per hour. Sketch a setup to accomplish this, find any amount 
of liquid (at 68 F) that is needed or discarded and any heat transfer. 


CV air conditioner. Check first the two states, inlet 1, exit 2. 

In: Pgi = 0.8246 psia, hgi = 1102.9 Btu/lbm, hf^68 = 36.08 Btu/lbm, 

Pvi = (jii Pgi = 0.08246 psia, wi = 0.622 Pvi/(Ptot-Pvl) = 0.0035 
Ex: Pg 2 = 0.36324 psia, hg 2 = 1092 Btu/lbm 

Pv2 = ^2 Pg2 = 0.1816 psia, W 2 = 0.622 Pv2/(Ptot-Pv2) = 0.00778 

Water must be added ( W 2 > wi). Continuity and energy equations 


9 

rh^Cl + wi) + rhiiq = *^(1 + W 2 ) & mAhimix + miighf + Qcv = mAh2mix 


ii4 


Atot = PVtot/RT = 14.7x3600x144/53.34x529.67 = 270 Ibm/h 


rh^ = m(ot/(l + W 2 ) = 267.91 Ibm/h 


rhiiq = m^(w 2 - wi) = 267.91(0.00778 - 0.0035) = 1.147 Ibm/h 


Qcv = ^AiCp a (T 2 - Ti) + W2hg2 - wihgi] - rhiiqhf,68 

= 267.91 [ 0.24(70 - 95) + 0.00778 x 1092 - 0.0035 x 1102.9] 

- 1.147 x 36.08 

= - 406.8 Btu/h 


Liquid water 



Exit 
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12.167 

An indoor pool evaporates 3 Ibm/h of water, whieh is removed by a dehumidifier 
to maintain 70 F, O = 70% in the room. The dehumidifier is a refrigeration eyele 
in whieh air flowing over the evaporator eools sueh that liquid water drops out, 
and the air eontinues flowing over the eondenser, as shown in Fig. P12.71. For an 
air flow rate of 0.2 Ibm/s the unit requires 1.2 Btu/s input to a motor driving a fan 
and the eompressor and it has a eoeffieient of performanee, P = Ql /W^ = 2 . 0 . 

Find the state of the air after the evaporator, 72 , C 02 , ^2 and the heat rejeeted. Find 
the state of the air as it returns to the room and the eompressor work input. 

The unit must remove 3 Ibm/h liquid to keep steady state in the room. As 
water eondenses out state 2 is saturated. 

1: 70 F, 70% => Pgi = 0.363 psia, hgi = 1092.0 Btu/lbm, 

Pvi = (jii Pgi = 0.2541 psia, wi = 0.622 Pvl/(Ptot-Pvl) = 0.01094 

CV 1 to 2: ihiiq = ma(wi - W 2 ) => W 2 = wi - miiq/iha 

qL = hi - h 2 - (wi - W 2 ) hf 2 

W 2 = 0.01094 - 3/(3600 x 0.2) = 0.006774 

„ „ „ . 14.7x 0.006774 _ . 

Pv 2 = Pg 2 = Plot W 2 /(0.622 + W 2 ) = 0 628774 "" 0-1584 psia 

Table F.7.1: T 2 = 46.8 F hf 2 = 14.88 btu/lbm, hg 2 = 1081.905 Btu/lbm 

qL = 0.24(70 - 46.8) + 0.01094 xl092 - 0.006774 xl081.905 
- 0.00417 xl4.88 = 10.12 Btu/lbm dry air 

Wc = iha qL/ P = 1 Btu/s 

CV Total system : 

£3 - hi = Wei/iiia - (W 1 -W 2 ) hf = 1.2/0.2 - 0.062 = 5.938 Btu/lbm dry air 

= Cp a (T 3 - Ti) + W2hv3 - wihvi 
Trial and error on T 3 

3: W 3 =W 2 , h 3 => T 3 = 112 F, Pg 3 = 1.36 psia, Pv 3 = Pv 2 = 0.1584 
(t )3 = Pv3/Pg3 = 0.12 or (()3 = 12 % 
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12.168 

To refresh air in a room, a eounterflow heat exehanger is mounted in the wall, as 
shown in Fig. P12.115. It draws in outside air at 33 F, 80% relative humidity and 
draws room air, 104 F, 50% relative humidity, out. Assume an exehange of 6 
Ibm/min dry air in a steady flow deviee, and also that the room air exits the heat 
exehanger to the atmosphere at 72 F. Find the net amount of water removed from 
room, any liquid flow in the heat exehanger and {T, (j)) for the fresh air entering 
the room. 

State 3: Pg 3 = 1.0804 psia, hg 3 = 1106.73 Btu/lbm, 

Pv 3 = ^3 Pg 3 = 0.5402, W 3 = 0.622 Pv 3 /(Ptot-Pv 3 ) = 0.02373 

The room air is eooled to 72 F < T^ewl = 82 F so liquid will form in the exit 
flow ehannel and state 4 is saturated. 

4: 72 F, ^ = 100% => Pg 4 = 0.3918 psia, hg 4 = 1092.91 Btu/lbm, 

W 4 = 0.017, hf 4 = 40.09 Btu/lbm 

1: 33 F, (j) = 80% => Pgi = 0.0925 psia, hgi = 1075.83 Btu/lbm, 

Pvi = (j)! Pgi = 0.074 psia, wi = 0.00315 

CV 3 to 4: miiq ^4 = iha (w 3 - W 4 ) = 6 (0.02373 - 0.017) = 0,04 Ibm/min 

CV room: ihv^out = liia (w 3 - W 2 ) = liia (W 3 - wi) 

= 6(0.02373 - 0.00315) = 0.1235 Ibm/min 

CV Fleat exehanger: ma(h 2 - hi) = ma(h 3 - h 4 ) - miiqhf 4 

Cp a(T 2 -T 1) + W2hv2 - wihvi = Cp a(T3-T4) + W3hv3 - W4hv4 - (W 3 -W 4 ) hf4 

0.24(T2-33) + W 2 hv 2 - 3.3888 = 0.24(104-72) + 26.2627 - 18.5795 - 0.2698 

0.24 T 2 + 0.00315 hv 2 = 26.402 btu/lbm 
Trial and error on T 2 : T 2 = 95,5 F, Pg 2 = 0.837 psia, Pv 2 = Pvl 
^ = Pv 2 /Pg 2 = 0.074/0.837 = 0.088 or (^ = 9% 
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Review Problems 


12.169 


'1 

Ambient air is at a condition of 14.7 Ibf/in. , 95 F, 50% relative humidity. A 

steady stream of air at 14.7 Ibf/in. , 73 F, 70% relative humidity, is to be 
produced by first cooling one stream to an appropriate temperature to condense 
out the proper amount of water and then mix this stream adiabatically with the 
second one at ambient conditions. What is the ratio of the two flow rates? To 
what temperature must the first stream be cooled? 

--- Pj = P 2 = P 5 = 14.71bf/in2 

Tj = = 95 F 




Qcool T 

LIQ H2O 


MIX 


= 0 


(jij = (t )2 = 0.50, = 1.0 

T, = 73 F, = 0.70 


Pvi = 


0.4123 


P - = 0.5x0.8246 = 0.4123, w, = w, = 0.622x^ . „ a = 0.0179 
v 2 ’12 14.7-0.4123 


0.2845 


Pv 5 = 0.7x0.4064 = 0.2845 => W 5 = 0.622= 0.0123 

MIX: Call the mass flow ratio r = 

Conservation of water mass: Wj + r W 4 = (1 + r)w 5 

Energy Eq.: h^j + Wjhyi + rha 4 + rw 4 hv 4 = (1 + r)ha 5 + (1 + r)w 5 hy 5 

^ 0.0179 + rw =(1+r) 0.0123 


or 


0. 0179-0.0123 .. ^G4 

0 . 0123 -W 4 ^^4 0.622 


P 


G4 


0.24x555 + 0.0179 x 1107.2 + r x 0.24 x + rw^h 




or 


Assume = 40 F 


= (1 + r) X 0.24 X 533 + (1 + r) x 0.0123 x 1093.3 

r[o.24xT4 + W4h^4- 141 . 4 ] + 11.66 = 0 

Pg 4 ^ 0.121 66 psia, = 1078.9 Btu/lbm 


G4 


W 4 ^ 14.7-0.121 66 0.0052 


ma 2 _ 0.0179-0.0123 
m^i 0.0123-0.0052 


= 0.7887 


0.7887[0.24x500 + 0.0052x1078.9 - 141.4] + 11.66 = -0.29 « 0 OK 

=> T4 = 40F 
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12.170 

A 4-ft3 insulated tank contains nitrogen gas at 30 Ibf/in.^ and ambient 
temperature 77 F. The tank is connected by a valve to a supply line flowing 

carbon dioxide at 180 Ibf/in. , 190 F. A mixture of 50 mole percent nitrogen and 
50 mole percent carbon dioxide is to be obtained by opening the valve and 
allowing flow into the tank until an appropriate pressure is reached and the valve 
is closed. What is the pressure? The tank eventually cools to ambient temperature. 
Calculate the net entropy change for the overall process. 


CO2 1 



////\//// 



//////// 


V = 4 ft3, Pj = 30 lbf/in2, = T^ = 77 F 
At state 2: y = y = 0.50 


n 


2 CO 


n 




= 30x4x144/(1545x536.67) = 0.02084 Ibmol 


n^ = 0.04168 Ibmol 


Energy Eq.: n.h. = n^u^ - n^u^ , 


use constant specific heats 


n.Cp T. = (n.C. .+ n C. ,)T - n C,, ,T 

1 Poi 1 ^ 1 Voi 1 VoF 2 1 Vol 1 


But n. = n ^ Cp .T. = C .T + C,. ,(T -T ) 

1 1 Poi 1 Voi 2 Vol^ 2 V 

44 .OlxO. 2 Olx 649.67 = 44.01 x 0.156 T^ + 28.013 x 0.178 (T^ - 536.67) 
T2 = 710.9 R 

P 2 = n^RT^/V = 0.04168x1545x710.9/4x144 = 79.48 lbf/m2 
Cool to T 3 = Tq = 77 F = 536.67 R 

P 3 = P^x T 3 /T 2 = 79.48X 536.67/710.9 = 60 lbf/m2 

Q 23 = n^C^^^CTs - T 2 ) = 0.04168 (0.5x28.013x0.178 

+ 0.5x44.01x0.156)(536.67 - 710.9) = - 43.0 Btu 


^^NET ' Q23^"^0 




0.02084(44.01x0.201 1.98589 In ^^y^) 


+ 0.02084x(- 1.98589 In 


0.5x60 

30 


-43.0 

536.67 


= +0.03893 + 0 + 0.0801 = +0.119 Btu/R 
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143 

new 

95 

124 

78 

41 

134 

95 

75 

144 

90 

108 

125 

81 

45 

135 

92 

76 

145 

89 

109 

126 

79 

47 

136 

87 

81 




127 

80 

49 

137 

88 

82 




128 

new 

51 

138 

94 

80 




129 

85 

65 

139 

91 

85 





mod indieates a modifieation from the previous problem that ehanges the solution 
but otherwise is the same type problem. 
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The following table gives the values for the compressibility, enthalpy departure and the 
entropy departure along the saturated liquid-vapor boundary. These are used for all the 
problems using generalized charts as the figures are very difficult to read accurately 
(consistently) along the saturated liquid line. It is suggested that the instructor hands out 
copies of this page or let the students use the computer for homework solutions. 


T P Z Z d(h/RT) d(h/RT) d(s/R) d(s/R) 



0.96 

0.78 

0.14 

0.54 

3.65 

1.39 

3.45 

1.10 

0.94 

0.69 

0.12 

0.59 

3.81 

1.19 

3.74 

0.94 

0.92 

0.61 

0.10 

0.64 

3.95 

1.03 

4.00 

0.82 

0.90 

0.53 

0.09 

0.67 

4.07 

0.90 

4.25 

0.72 

0.88 

0.46 

0.08 

0.70 

4.17 

0.78 

4.49 

0.64 

0.86 

0.40 

0.07 

0.73 

4.26 

0.69 

4.73 

0.57 

0.84 

0.35 

0.06 

0.76 

4.35 

0.60 

4.97 

0.50 

0.82 

0.30 

0.05 

0.79 

4.43 

0.52 

5.22 

0.45 

0.80 

0.25 

0.04 

0.81 

4.51 

0.46 

5.46 

0.39 

0.78 

0.21 

0.035 

0.83 

4.58 

0.40 

5.72 

0.35 

0.76 

0.18 

0.03 

0.85 

4.65 

0.34 

5.98 

0.31 

0.74 

0.15 

0.025 

0.87 

4.72 

0.29 

6.26 

0.27 

0.72 

0.12 

0.02 

0.88 

4.79 

0.25 

6.54 

0.23 

0.70 

0.10 

0.017 

0.90 

4.85 

0.21 

6.83 

0.20 

0.68 

0.08 

0.014 

0.91 

4.92 

0.18 

7.14 

0.17 

0.66 

0.06 

0.01 

0.92 

4.98 

0.15 

7.47 

0.15 

0.64 

0.05 

0.009 

0.94 

5.04 

0.12 

7.81 

0.12 

0.60 

0.03 

0.005 

0.95 

5.16 

0.08 

8.56 

0.08 

0.58 

0.02 

0.004 

0.96 

5.22 

0.06 

8.97 

0.07 

0.54 

0.01 

0.002 

0.98 

5.34 

0.03 

9.87 

0.04 

0.52 

0.0007 

0.0014 

0.98 

5.41 

0.02 

10.38 

0.03 
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Concept-Study Guide Problems 


13.1 

Mention two uses of the Clapeyron equation. 

If you have experimental information about saturation properties down to 
a eertain temperature Clapeyron equation will allow you to make an intelligent 
eurve extrapolation of the saturated pressure versus temperature funetion Psat(T) 
for lower temperatures. 

From Clapeyrons equation we can calculate a heat of evaporation, heat of 
sublimation or heat of fusion based on measurable properties P, T and v. 

13.2 

The slope dP/dT of the vaporization line is finite as you approach the critical 
point, yet hfg and Vfg both approach zero. How can that be? 

The slope is dP/dT = hfg / Tvfg 

Recall the math problem what is the limit of f(x)/g(x) when x goes 
towards a point where both functions f and g goes towards zero. A finite limit for 
the ratio is obtained if both first derivatives are different from zero so we have 

dP/dT ^ [dhfg /dT] / d(Tvfg)/dT as T ^ T^ 

13.3 

In view of Clapeyron’s equation and Fig. 3.7, is there something special about ice 
I versus the other forms of ice? 

Yes. The slope of the phase boundary dP/dT is negative for ice I to liquid 
whereas it is positive for all the other ice to liquid interphases. This also means 
that these other forms of ice are all heavier than liquid water. The pressure must 
be more than 200 MPa = 2000 atm so even the deepest ocean cannot reach that 
pressure (recall about 1 atm per 10 meters down). 

13.4 

If we take a derivative as (fP/fT)^ in the two-phase region, see Figs. 3.18 and 
3.19, does it matter what v is? How about T? 

In the two-phase region, P is a function only of T, and not dependent on v. 
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13.5 

Sketch on a P-T diagram how a constant v line behaves in the compressed liquid 
region, the two-phase L-V region and the superheated vapor region? 



'^medium 



V 
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13.6 

If I raise the pressure in an isentropie process, does h go up or down? Is that 
independent upon the phase? 

Tds = 0 = dh - vdP , so h increases as P increases, for any phase. The 
magnitude is proportional to v (i.e. large for vapor and small for liquid and 
solid phases) 


13.7 

If I raise the pressure in an isothermal process does h go up or down for a liquid 
or solid? What do you need to know if it is a gas phase? 


Eq. 13.25: 





Liquid or solid, a p is very small, h increases with P ; 
For a gas, we need to know the equation of state. 


13.8 

The equation of state in Example 13.3 was used as explicit in v. Is it explicit in P? 

Yes, the equation can be written explicitly in P. 

P = RT / [v + C/T^] 


13.9 

Over what range of states are the various coefficients in Section 13.5 most useful? 

For solids or liquids, where the coefficients are essentially constant over a 
wide range of P’s and T’s. 


13.10 

For a liquid or a solid is v more sensitive to T or P? How about an ideal gas? 

For a liquid or solid, v is more sensitive to T than P. 

For an ideal gas, v = RT/P , varies directly with T, inversely with P. 
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13.11 

If I raise the pressure in a solid at eonstant T, does s go up or down? 

In Example 13.4, it is found that ehange in s with P at constant T is 
negatively related to volume expansivity (a positive value for a solid), 
ds.^ = - V a p dP.p , so raising P decreases s. 


13.12 

Most equations of state are developed to cover which range of states? 

Most equations of state are developed to cover the gaseous phase, from 
low to moderate densities. Many cover high-density regions as well, including 
the compressed liquid region. 


13.13 

Is an equation of state valid in the two-phase regions? 

No. In a two-phase region, P depends only on T. There is a discontinuity 
at each phase boundary. 


13.14 

As P ^ 0, the specific volume v ^ oo. For P ^ oo, does v ^ 0? 

At very low P, the substance will be essentially an ideal gas, Pv = RT, so 
that V becomes very large. However at very high P, the substance eventually 
must become a solid, which cannot be compressed to a volume approaching zero. 


13.15 

Must an equation of state satisfy the two conditions in Eqs. 13.50 and 13.51? 

It has been observed from experimental measurements that substances do 
behave in that manner. If an equation of state is to be accurate in the near-critical 
region, it would have to satisfy these two conditions. 

If the equation is simple it may be overly restrictive to inpose these as it 
may lead to larger inaccuracies in other regions. 
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13.16 

At which states are the departure terms for h and s small? What is Z there? 

Departure terms for h and s are small at very low pressure or at very high 
temperature. In both oases, Z is close to 1. 

13.17 

What is the benefit of the generalized oharts? Whioh properties must be known 
besides the oharts themselves? 

The generalized charts allow for the approximate caloulations of enthalpy 
and entropy changes (and P,v,T behavior), for processes in cases where specifio 
data or equation of state are not known. They also allow for approximate phase 
boundary determinations. It is necessary to know the critical pressure and 
temperature, as well as ideal-gas speoifio heat. 

13.18 

What does it imply if the compressibility factor is larger than 1 ? 

Compressibility factor greater than one results from domination of 
intermoleeular forces of repulsion (short range) over forces of attraction (long 
range) - either high temperature or very high density. This implies that the 
density is lower than what is predieted by the ideal gas law, the ideal gas law 
assumes the moleeules (atoms) can be pressed eloser together. 

13.19 

The departure funetions for h and s as defined are always positive. What does that 
imply for the real substance h and s values relative to ideal gas values? 

Real-substance h and s are less than the eorresponding ideal-gas values. 

13.20 

What is the benefit of Kay’s rule versus a mixture equation of state? 

Kay’s rule for a mixture is not nearly as aceurate as an equation of state 
for the mixture, but it is very simple to use. 
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Clapeyron Equation 


13.21 


A special application requires R-12 at -140°C. It is known that the triple-point 
temperature is -157°C. Find the pressure and specific volume of the saturated 
vapor at the required condition. 

The lowest temperature in Table B.3 for R-12 is -90°C, so it must be extended 
to -140°C using the Clapeyron Eq. 13.7 integrated as in example 13.1 

Table B.3: at T^ =-90°C = 183.2 K, Pj = 2.8kPa. 



8.3145 

120.914 


= 0.068 76 kJ/kg K 




189.748 (133.2 - 183.2) 
TxTj “0.068 76 133.2 x 183.2 


-5.6543 


P = 2.8 exp(-5.6543) = 0.0098 kPa 
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13.22 


Ice (solid water) at -3°C, 100 kPa, is eompressed isothermally until it beeomes 
liquid. Find the required pressure. 

Water, triple point T = 0.01°C , P = 0.6113 kPa 

Table B.1.1: Vf= 0.001 /kg, hf = 0.01 kJ/kg, 

Tabel B.1.5: vj = 0.001 0908 m^/kg, hj = -333.4 kJ/kg 


Clapeyron 


dPhj:- - hj 

dT (vf - Vi)T 


333.4 

-0.0000908 x 273.16 


= -13 442 kPa/K 


dP.. 

AP « AT = -13 442(-3 - 0.01) = 40 460 kPa 

P = P +AP = 40 461 kPa 

tp 


Sonntag, Borgnakke and van Wylen 


13.23 

An approximation for the saturation pressure ean be In = A - B/T, where A 

and B are eonstants. Whieh phase transition is that suitable for, and what kind of 
property variations are assumed? 


Clapeyron Equation expressed for the three phase transitions are shown in Eqs. 
13.5-13.7. The last two leads to a natural log funetion if integrated and ideal gas 
for the vapor is assumed. 



where hg.^^p is either hfg or hjg. Separate the variables and integrate 





j^-l j-2 


In P^at = A - B/T ; B = h^^ap R' ^ 

if we also assume h^^ap is constant and A is an integration constant. The function 

then applies to the liquid-vapor and the solid-vapor interphases with different 
values of A and B. As h^^ap is not excactly constant over a wide interval in T 

means that the equation cannot be used for the total domain. 
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13.24 

In a Carnot heat engine, the heat addition ehanges the working fluid from 
saturated liquid to saturated vapor at T, P. The heat rejeetion proeess oeeurs at 
lower temperature and pressure (T- AT), (P - AP). The eyele takes plaee in a 
piston eylinder arrangement where the work is boundary work. Apply both the 
first and seeond law with simple approximations for the integral equal to work. 
Then show that the relation between AP and AT results in the Clapeyron equation 
in the limit AT dT. 



qH = Tsfg; qj^ = (T-AT)Sfg ; w^et = qn ' qL = ^Tsfg 
Problem similar to development in seetion 13.1 for shaft work, here boundary 
movement work, w = J* Pdv 



Approximating, 

/ Pdv « (P - ^) (v 3 
2 



Colleeting terms: 



(the smaller the AP, the better the approximation) 



In the limit as AT ^0: V 3 ^ V 2 = Vg , V 4 ^ Vj = Vf 

o lim ^ ^^sat ^ Sfg 
‘^at^oat” dT ~vfg 
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13.25 


Calculate the values hfg and Sfg for nitrogen at 70 K and at 110 K from the 

Clapeyron equation, using the neeessary pressure and speeifie volume values 
from Table B.6.1. 


Clapeyron equation Eq.13.7: 



For N 2 at 70 K, using values for Pg from Table B.6 at 75 K and 65 K, and also 
Vfg at 70 K, 


hfg « T(Vg-Vf)^ = 70(0.525 015)( 


76.1-17.41 

75-65 



215.7 kJ/kg (207.8) 


Sfg = hfg/T = 3.081 kJ/kg K (2.97) 

Comparison not very elose beeause Pg not linear funetion of T. Using 71 K & 
69 K from the software, 

/44 56-33 24\ 

hfg = 70(0.525 015)(^ ) = 208.0 kJ/kg 

/1938 8 1084 2\ 

AtllOK, hfg ^ 110(0.014 342)(^— 115-105 ' j = 134.82 kJ/kg (134.17) 

134 82 

Sfg = = 1.226 kJ/kg K (1.22) 
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13.26 

Ammonia at -70°C is used in a special application at a quality of 50%. Assume 

the only table available is B.2 that goes down to -50°C. To size a tank to hold 0.5 
kg with X = 0.5, give your best estimate for the saturated pressure and the tank 
volume. 


To size the tank we need the volume and thus the specific volume. If we do not 
have the table values for Vf and Vg we must estimate those at the lower T. We 

therefore use Clapeyron equation to extrapolate from -50°C to -70°C to get the 
saturation pressure and thus Vg assuming ideal gas for the vapor. 

The values for Vf and hfg do not change significantly so we estimate 
Between -50°C and-70°C: Vf= 0.001375 m^/kg, hfg= 1430 kJ/kg 


The integration of Eq. 13.7 is the same as in Example 13.1 so we get 


P 2 h 
R 



JlzJl 1430 

V / 


-70 + 50 


T2T1 


0.4882 203.15 X 223.15 


= -1.2923 


P 2 = Pi exp(-1.2923) = 40.9 exp(-1.2923)= 11.2 kPa 


v„ - RT 2 /P 2 - 


0.4882 x 203.15 

11.2 


= 8.855 vcc/kg 


V 2 = (1-x) Vf + X Vg = 0.5 X 0.001375 + 0.5 x 8.855 = 4.428 m'^/kg 
V 2 = mv2 = 2.214 


A straight line extrapolation 
will give a negative pressure. 



-70 -50 


T 
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13.27 

The saturation pressure can be approximated as In = A - B/T, where A and B 

are constants. Use the steam tables and determine A and B from properties at 25° 

C only. Use the equation to predict the saturation pressure at 30°C and compare to 
table value. 


In Psat = A - B/T 


dP 


rf? = Psat (-B)(-T-2) 


SO we notice from Eq.13.7 and Table values from B.1.1 and A.5 that 

h 


B = 


nfg _ 2442.3 
R “0.4615 


= 5292 K 


Now the constant A comes from the saturation pressure as 

5292 

A = In + B/T = In 3.169 + 273 15 + 25 


= 18.9032 


Use the equation to predict the saturation pressure at 30C as 

5292 


^n Psat ^ 18.9032 - 2 y 2 ^5 -|- 3 Q 


= 1.4462 


Psat = 4.2469 kPa 

compare this with the table value of P^at = 4.246 kPa and we have a very close 
approximation. 
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13.28 

Using the properties of water at the triple point, develop an equation for the 
saturation pressure along the fusion line as a function of temperature. 

Solution; 

The fusion line is shown in Fig. 3.4 as the S-L interphase. From Eq.13.5 we have 



fusion 




Assume hjf and v^f are constant over a range of T’s. We do not have any simple 

models for these as function of T other than curve fitting. Then we can integrate 
the above equation from the triple point (Tj, Pj) to get the pressure P(T) as 


P-Pl = 



Now take the properties at the triple point from B. 1.1 and B. 1.5 

Pj =0.6113 kPa, Ti=273.16K 

Vif = vf- Vi = 0.001 - 0.0010908 = - 9.08 x 10“^ m^/kg 
hif = hf- hi = 0.0 - (-333.4) = 333.4 kJ/kg 
The function that approximates the pressure becomes 

P = 0.6113 - 3.672 X 10^ In [kPa] 
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13.29 

Helium boils at 4.22 K at atmospheric pressure, 101.3 kPa, with hfg = 83.3 

kJ/kmol. By pumping a vacuum over liquid helium, the pressure can be lowered, 
and it may then boil at a lower temperature. Estimate the necessary pressure to 
produce a boiling temperature of 1 K and one of 0.5 K. 


Solution; 


Helium at 4.22 K: P, = 0.1013 MPa, h„„ = 83.3 kJ/kmol 

1 ’ FG 


dP 


SAT 


h 


FG 


dT Tv 


/-W 


FG 


h P 

FG SAT 

RT^ 


^2 ^FGr 1 
lnTr =- 


P 


1 


For 1^= 1.0 K: 


P 


In 


83.3 


r 


1 


101.3 8.3145U.22 



For = 0.5 K; 


P 


In 


83.3 


r 


1 


101.3 8.3145U.22 



R Lt 


1 



=> P^ = 0.048 kPa = 48 Pa 


P, = 2.1601x10-'^ kPa = 2.1601 x 10'^ Pa 
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13.30 


A certain refrigerant vapor enters a steady flow eonstant pressure condenser at 
150 kPa, 70°C, at a rate of 1.5 kg/s, and it exits as saturated liquid. Caleulate the 
rate of heat transfer from the eondenser. It may be assumed that the vapor is an 
ideal gas, and also that at saturation, Vf The following quantities are known 

for this refrigerant: 

lnPg = 8.15 - 1000/T; Cp = 0.7 kJ/kg K 

with pressure in kPa and temperature in K. The moleeular weight is 100. 
Refrigerant: State 1 Tj = 70°C P^ = 150 kPa 

State 2 P2=150kPa X 2 = 1.0 State 3 P 2 = 150kPa x^ = 0.0 

Get the saturation temperature at the given pressure 

ln(150) = 8.15 - lOOO/T^ => T^ = 318.5 K = 45.3°C = T 3 

1 % = ^ ■ ^1 = (^3 ■ ^ 2 ) + <^^2 - ^i) = - hfg t 3 + CpoCT^ - Tj) 


^ = dlnPg 

dT Tvfg ’ ~ '"g Pg ’ dT ^g dT 

= +1000/t 2= hfg/RT^ 

hfg = 1000 X R = 1000 X 8.3145/100 = 83.15 kJ/kg 




= -83.15 + 0.7(45.3 - 70) = -100.44 kJ/kg 
Qcond = 1-SC-100.44) = -150.6 kW 
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13.31 

Using thermodynamic data for water from Tables B.1.1 and B.1.5, estimate the 
freezing temperature of liquid water at a pressure of 30 MPa. 


^2® dT 


dPif hif 


Tv 


/-W 


const 


if 



At the triple point, 


Vif = vf - Vi = 0.001 000 - 0.001 090 8 = -0.000 090 8 mAkg 
hif = hf-hi = 0.01 -(-333.40) = 333.41 kJ/kg 


333.41 


_ 

dT 273.16(-0.000 090 8) 


= -13 442 kPa/K 


at P = 30 MPa, 


T«0.01 + 


(30 000-0.6) 


(-13 442) 


= -2.2 "C 
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13.32 


Small solid particles formed in eombustion should be investigated. We would like 
to know the sublimation pressure as a funetion of temperature. The only 
information available is T, hp^ for boiling at 101.3 kPa and T, h^p for melting at 


101.3 kPa. Develop a proeedure that will allow a determination of the sublimation 
pressure, 


Tnbp = normal boiling pt T. 
^NMP ^ iio™al melting pt T. 
Tpp = triple point T. 

1 \ T ^ T 

^ TP ^ NMP 




0.1013 MPa ^ 

^NMP 

Since » const» the integral over temperature becomes 

P h 

^TP FG NBP r 1 1 1 

^^0.1013* R b^Bp'T^pJ ^ getPjp 



IG at TP ^G ■ ^^G ■ ^^F ' ~ ^FG NBP ^IF NMP 

Assume h^^^ « eonst. again we ean evaluate the integral 
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13.33 

A container has a double wall where the wall cavity is filled with carbon dioxide 
at room temperature and pressure. When the container is filled with a cryogenic 
liquid at 100 K the carbon dioxide will freeze so that the wall cavity has a mixture 
of solid and vapor carbon dioxide at the sublimation pressure. Assume that we do 
not have data for CO 2 at 100 K, but it is known that at -90°C: = 38.1 kPa, 

hiG = 574.5 kJ/kg. Estimate the pressure in the wall cavity at 100 K. 

Solution; 

For CO 2 space: at Tj = -90 °C = 183.2 K, Pj = 38.1 kPa, hjG = 574.5 kJ/kg 

dP SI IR hrf:; hij-iP ct Tt> 

For T 2 = Tco 2 = 100 K: Clapeyron ^ 

P 2 _hiGr 1 _ 1 1 _ 574.5 r 1 _ 1 1 _ 

^^Pj R I-183.2 lOO-l 0.188 92 I-183.2 100-1 

or P, = P, X 1.005x10'^ ^ P = 3.83x10'^ kPa = 3.83x10'^ Pa 
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Property Relations 


13.34 


Use Gibbs relation du = Tds - Pdv and one of Maxwell’s relations to find an 
expression for (0u/5P)i’ that only has properties P, v and T involved. What is the 

value of that partial derivative if you have an ideal gas? 

du = Tds - Pdv divide this by dP so we get 


v5Py 


T 


= T 


vaPy 


T 


-P 


vSPy 


T 


= -T 


vSTy 


-P 


vSPy 


T 


where we have used Maxwell Eq. 13.23. Now for an ideal gas we get 

RT 

Ideal gas: Pv = RT 


V = 


then the derivatives are 

vaTy 

and the derivative of u is 


R 

P 


P 


and 


vaPy 


T 


= -RTP 


-2 


^au" 


ap 


T 


= -T 


dJ 


-P 


ap 


T 


T ^ - P( -RTP“2) = 0 


This confirm that u is not sensitive to P and only a function of T. 
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13.35 

Start from Gibbs relation dh = Tds + vdP and use one of Maxwell’s equation to 
get (0h/0v)x in terms of properties P, v and T. Then use Eq. 13.24 to also find an 

expression for (fh/fT)^. 

(|^)t and (||)„ 

dh = Tds + vdP and use Eq. 13.22 

^ (a) els') /w V = T + vF), 

Also for the second first derivative use Eq.13.28 
VfT^v ^ VsT^v VgT^v % VgT^v 
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13.36 

From Eqs. 13.23 and 13.24 and the knowledge that Cp > Cy what ean you 

eonelude about the slopes of eonstant v and eonstant P eurves in a T-s diagram? 
Notiee that we are looking at funetions T(s, P or v given). 

Solution: 

The funetions and their slopes are: 

Constant v: T(s) at that v with slope 

Constant P: T(s) at that P with slope 
Slopes of these funetions are now evaluated using Eq. 13.23 and Eq. 13.24 as 




Sinee we know Cp > Cy then it follows that T/Cy > T/Cp and therefore 



whieh means that eonstant v-lines are steeper than eonstant P lines in a T-s 
diagram. 
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13.37 


Derive expressions for {dTIdv)^ and for {dhlds)^ that do not eontain the properties 
h, u, or 5. Use Eq. 13.30 with du = 0. 



(see Eqs. 13.33 and 13.34) 




vT /gp\ 
^ Cy 
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13.38 


Develop an expression for the variation in temperature with pressure in a eonstant 
entropy proeess, {dUdP ), that only ineludes the properties P-v-T and the speeifie 

s 


heat, Cp. Follow the development for Eq.13.32. 
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13.39 

Use Eq. 13.34 to get an expression for the derivative (ST/Sv)^. What is the general 

shape of a eonstant s proeess eurve in a T-v diagram? For an ideal gas ean you 
say a little more about the shape? 


Equation 13.34 says 


ds = C 




so then in a eonstant s proeess we have ds = 0 and we find 

'"0V^® Cy 


As T is higher the slope is steeper (but negative) unless the last term (5P/0T)v 
eounteraets. If we have an ideal gas this last term ean be determined 

P = RT/v ^ (1^) = - 

vgT^v V 

/OTx _ XR_ 

Xv^S ” ■ Cy V " ■ Cy 

and we see the slope is steeper for higher P and a little lower for higher T as Cy is 
an inereasing funetion of T. 
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13.40 

Evaluate the isothermal ehanges in the internal energy, the enthalpy and the 
entropy for an ideal gas. Confirm the results in Chapters 5 and 8. 

We need to evaluate du^, dh-p and ds^ for an ideal gas: P = RT/v. 

From Eq. 13.31 we get 

/^P\ R 

duT = [T (—)^-P]dvT = [T(-)-P]dvT=[P-P]dvT = 0 

From Eq. 13.27 we get using v = RT/P 

dhT = [v-T(^)p]dPT=[v-T(|)]dPT=[v-v]dPT = 0 

These two equations eonfirms the statements in ehapter 5 that u and h are 
funetions of T only for an ideal gas. 

From eq.13.32 or Eq. 13.34 we get 



R 

P 


dPj = 


R 


V 


dv 


T 


so the ehange in s ean be integrated to find 




when T 2 = Tj 
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Volume Expansivity and Compressibility 


13.41 


Determine the volume expansivity, ttp, and the isothermal eompressibility, for 
water at 20°C, 5 MPa and at 300°C, and 15 MPa using the steam tables. 

Water at 20°C, 5 MPa (eompressed liquid) 


a 




vVaT^P ~ vVaT^P 


-c 

vV 


Estimate by finite differenee. 


Using values at 0°C, 20°C and 40°C, 


0.001 0056 - 0.000 9977 


0.000 9995 


40-0 


= 0.000 1976 “C-l 




Jt ~ "vVap 


Pt - - vVaP^T ~ - vVaP^T 

Using values at saturation, 5 MPa and 10 MPa, 


0.000 9995 


0.000 9972-0.001 0022 


10 - 0.0023 


= 0.000 50 MPa-l 


Water at 300°C, 15 MPa (compressed liquid) 


0.001 377 


0.001 377 


0.001 4724 - 0.001 3084 


320 - 280 

0.001 3596-0.001 3972 


20-10 


= 0.002 977 ‘’C-1 


= 0.002 731 MPa-l 
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13.42 

What are the volume expansivity ttp, the isothermal eompressibility Pj, and the 
adiabatie eompressibility p^ for an ideal gas? 


The volume expansivity from Eq. 








vV^T^P V ^ 


-)=- 
P ^ T 


The isothermal eompressibility from Eq. 13.38 and ideal gas gives 


l/5v 


Pt - ;(Pt 


)T=-i( 


--(-RTP 

V ^ 


-2) = -f 

^ P 


The adiabatie eompressibility p^ from Eq.13.40 and ideal gas 

B =-k-) 

From Eq. 13.32 we get for eonstant s (ds = 0) 

/5T\_^_—_^ 

VgpA “ r vpiT/P “ r p ~ r 


Cp vaT^p 


CpP 


and from Eq.13.34 we get 


5v 

aT 


x = 


aT^v“ 


^ v_ 
T R 


Finally we ean form the desired derivative 

/5v\ _ /5v\ /5T\ _ C 

Vap/s ~ VptA VppA r 


V V 


aT/s vap 


p c 


kP 






Sonntag, Borgnakke and van Wylen 


13.43 


Find the speed of sound for air at 20°C, 100 kPa using the definition in Eq. 13.43 
and relations for polytropie proeesses in ideal gases. 


From problem 13.14 : e 


ap\ 


dp 


X- 


V 




k_ 


For ideal gas and isentropic process, Pv = constant 


P = Cv''" 


e^ = -v^(-kPv-') = kPv = kRT 


fv 


= -kCv-'"'^ = -kPv'^ 


-K _ 


e = = Vi.4x0.287x293. 15x1000 = 343.2 m/s 







Sonntag, Borgnakke and van Wylen 


13.44 

Assume a substance has uniform properties in all directions with V = L^LyL^ and 
show that volume expansivity ttp = SSj. Hint: differentiate with respect to T and 
divide by V. 


V Lj^LyL^ 


From Eq.13.37 


a 




1/av 


)p = 


1 


P VVai^P L^LyL^ 


/ d LxLyL^ . 

V 5T ^ 


LyL^ L 


^x \ yd L 

\ P)T /P T T T \ 


n , ^xLy 


) 


aL 


+ 


\ P)T / 


L^LyL^ V ai LxLyL^ V 5T ^P L^LyL^ v 8T ^P 



+ 



aL 


1 


) 


+ 


]_ ^z \ 

\ P)T / 


Ly V ai ^p ^ ai ^p 


_ 3 

This of course assumes isotropic properties (the same in all directions). 
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A cylinder fitted with a piston eontains liquid methanol at 20°C, 100 kPa and 
volume 10 L. The piston is moved, compressing the methanol to 20 MPa at 
constant temperature. Caleulate the work required for this process. The isothermal 

compressibility of liquid methanol at 20°C is 1.22 x 10'^ m^/N. 

1 W 2 = / Pdv = J p(|^)t dP^ = -f vp.^ PdP^ 

1 1 

For V » constant & Pj » constant the integral can be evaluated 

^Pt / 2 2 \ 

1W2 = -—(P2-Plj 

For liquid methanol, from Table A.4: p = 787 m^/kg 
Vj = 10L, m = 0.01 X 787 = 7.87 kg 

1 W 2 = [(20)2 - (0.1)2] = 2440 J = 2.44 kJ 
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13.46 

Use Eq. 13.32 to solve for (ST/SP)^ in terms of T, v, Cp and ttp. How large a 

temperature etiange does 25°C water (ap = 2.1 x 10“'^ K'^) have, when 
eompressed from 100 kPa to 1000 kPa in an isentropie proeess? 


From Eq. 13.32 we get for eonstant s (ds = 0) and Eq. 13.37 

vap/s “ Cp vai^p “ Cp “p ^ 

Assuming the derivative is eonstant for the isentropie eompression we estimate 
with heat eapacity from Table A.3 and v from B. 1.1 




T 


Cp“p 


vAP^ 


273.15 + 25 
4.18 


x2.1 X lO'"^ 


X 0.001003 X (1000- 100) 


= 0.013 K barely measurable. 
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Sound waves propagate through a media as pressure waves that eause the media 
to go through isentropie eompression and expansion processes. The speed of 

sound c is defined by c ={dPldp) and it can be related to the adiabatic 

s 

in 0 

compressibility, which for liquid ethanol at 20°C is 9.4 x 10' m /N. Find the 
speed of sound at this temperature. 

,2 , (OT) , _,2(OT) , , _L 

'^5pxS V^yxS l/fvT P^p 

■yV^A P 

From Table A.4 for ethanol, p = 783 kg/m^ 

/ 1 \l/2 

^ c = \ - ^ - } = 1166 m/s 

'"940x10-^^x783^ 
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For commercial copper at 25°C (see table A.3) the speed of sound is about 4800 
m/s. What is the adiabatic compressibility P^? 


From Eq.13.43 and Eq.13.40 

1 _ 1 

^ '^Sp-^s ^ xdyys l/5v\ Pp 

-V Ws P ' 

Then we get using density from Table A.3 

_J_ 1 s2m3 1000 1 

~ e2p “ 48002 X 8300 m2 kg “ 48002 x 8300 kPa 

= 5.23 X 10“^ kPa“^ 
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13.49 

Consider the speed of sound as defined in Eq. 13.43. Caleulate the speed of sound 
for liquid water at 20°C, 2.5 MPa, and for water vapor at 200°C, 300 kPa, using 
the steam tables. 


FromEq. 13.43: 



Liquid water at 20°C, 2.5 MPa, assume 

Vav/s ~ VAv/t 

Using saturated liquid at 20°C and eompressed liquid at 20°C, 5 MPa, 



C O.OOl 002+0.000 9995 \2/ 5-0.0023 

V 2 / VO.OOO 9995-0.001 002 


2.002x10® 


=> e = 1415 m/s 
Superheated vapor water at 200°C, 300 kPa 

V = 0.7163 m^/kg, s = 7.3115 kJ/kg K 
At P = 200 kPa & s = 7.3115 kJ/kg K: T = 157°C, v = 0.9766 m^/kg 
At P = 400 kPa & s = 7.3115 kJ/kg K: T = 233.8T, v = 0.5754 m^/kg 

= -(0.7163)2 ^ ^ 



c = 506 m/s 
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Soft rubber is used as a part of a motor mounting. Its adiabatie bulk modulus is 

= 2.82 X 10^ kPa, and the volume expansivity is ttp = 4.86 x 10“^ K'^ What is the 

speed of sound vibrations through the rubber, and what is the relative volume 
change for a pressure change of 1 MPa? 


From Eq.13.43 and Eq.13.40 

^ VgvxS l/5v\ Pgp p 

'vV^A P 


= 2.82 X 10^ X 1000 Pa / 1100 kgW = 2.564 x 10^ m^/s^ 

c = 1601 m/s 

If the volume change is fast it is isentropic and if it is slow it is isothermal. We 
will assume it is isentropic 

i(W) _ 

vVgp7s Ps B 


then 


V 


1000 

Bg “ “2.82 X 106 


-3.55 X 10“" 
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13.51 

Liquid methanol at 25°C has an adiabatic compressibility of 1.05 x 10'^ m'^/N. 
What is the speed of sound? If it is compressed from 100 kPa to 10 MPa in an 
insulated piston/cylinder, what is the specific work? 


From Eq. 13.43 and Eq. 13.40 and the density from table A.4 

^ Vap/S Vav/s p^p 1.05 X 10'^ X 787 


= 1.210 X 10^ m^/s^ 

c = 1100 m/s 

The specific work becomes 

w = /P dv = JT (‘PgV) dP = - J* P^v P dP 


2 

-Psv/PdP 

1 


= -P, V 0.5 (P 2 - Pj) 

= -1.05x 10'*^ m2/Nx:^m3/kgx(10 0002-1002)x 1000^ Pa^ 


= -66.7 J/kg 
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13.52 


Use Eq. 13.32 to solve for (ST/SP)^ in terms of T, v, Cp and ttp. How rnueli higher 
does the temperature beeome for the eompression of the methanol in Problem 


13.51? Use ttp = 2.4 x 10“^ K'^ for methanol at 25°C. 


From Eq. 13.32 we get for eonstant s (ds = 0) and Eq. 13.37 

vap/s “ Cp vai^p “ Cp “p ^ 

Assuming the derivative is eonstant for the isentropie eompression we estimate 
with heat eapaeity and density (v = 1/p) from Table A.4 

CaTT T 

APj, = Op V APj, 

= ^r55^^U^ x2.4x 10'4K-X:^^x(10 000- 100)kPa 

= 0.353 K 
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Equations of State 


13.53 


Use the equation of state as shown in Example 13.3 where ehanges in enthalpy 
and entropy were found. Find the isothermal ehange in internal energy in a similar 
fashion; do not eompute it from enthalpy. 


The equation of state is 


Pv P 

— = 1 -C’ — 
RT ^ ^ T4 


and to integrate for ehanges in u from eq.13.31 we it explieit in P as 

p = t4(|-tHc’)“^ 


Now perform the partial derivative of P 

5P\ ._T,V_3 


(^X = 4t3(|-t3 + C’)-1-t4(^t3 + C’)-2 3^t2 


R 


R 


, P P ^ V , P ^ P Pv P _ ^ Pv , 

= 4 — — — ^ = 4 — — ^ — V-= — r 4 — ^-1 

I rin A ^ -1- 1 rin ^ rin Tn i ^ 


T 'p4'' R 




Substitute into Eq. 13.31 

duT = [T (||X-P]dvT = [P(4-3||)-P]dvT 
= 3P(1- ||) dvT = 3PC’;^ dvT 

The P must be eliminated in terms of v or the opposite, we do the latter as from 
the equation of state 


v = f-C'R4 

P J- 


dv'p — 


p2 


dP 


T 


SO now 


P2 


1 


duT = 3 C’;^dvT = -3 C’ R;j;j dPj 


and the integration beeomes 


U2-ui= -3C’RT-4(P2 -Pi) 
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13.54 

Evaluate changes in an isothermal process for u, h and s for a gas with an 
equation of state as P (v - b) = RT. 


From Eq. 13.31 we get 

ap 


R 


duT = [T (—)^-P]dvT = [T(^)-P]dvT = [P-P]dvT = 0 


From Eq. 13.27 we get using v = b + RT/P 

dv 


R 


dhT = [v-T(—)p]dPT=[v-T(p)]dPT= bdP 


T 


From eq.13.32 or Eq. 13.34 we get 


By 


ap 


ds, = - Qp dP, = (S, dv 


T 


R 

P 


dPj = 


R 


v-b 


dv 


T 


Now the changes in u, h and s can be integrated to find 

U2 - ui = 0 


h2-hi = /bdP = b(P2-Pi) 




V2-t> 

vj -b 
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Two uninsulated tanks of equal volume are eonnected by a valve. One tank 
eontains a gas at a moderate pressure and the other tank is evacuated. The 

valve is opened and remains open for a long time. Is the final pressure greater 

than, equal to, or less than Pj/2? Hint: Recall Fig. 13.5. 

Assume the temperature stays constant then for an ideal gas the pressure will be 
reduced to half the original pressure. For the real gas the compressibility factor 
maybe different from 1 and then changes towards one as the pressure drops. 

Va = Vb ^ V, = 2Vj, T^ = T^ = T 

^2 ^1 ^2 mRT _ 

Pj ~ V 2 Zj mRT ~ 2Zj 

P 2 1 

IfT<TB, Z^>Z^ ^ ^>2 

P 2 1 

IfT>TB, Z^<Z^ ^ ^<2 
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13.56 


Determine the redueed Boyle temperature as predieted by an equation of state (the 
experimentally observed value for most substances is about 2.5), using the van 
der Waals equation and the Redlich-Kwong equation. Note: It is helpful to use 
Eqs. 13.47 and 13.48 in addition to Eq. 13.46 


The Boyle temp, is that T at which 


lim/^\ ^ 
P^oV0p7T ^ 


But 


lim/5Z\ lim Z-1 1 Um/ RT\ 


p^ov^p 


Vpp/T 


P^O P-0 RT P^o 




P 




van der Waals: P = 


RT 


a 


v-b -2 


V 


, • , , v-b 

multiply by get 

, RT a(v-b) RT , a(l-b/v) 

v-b = or v - = b - - 


P 


Pv 


P 


Pv 


p lim/5Z\ a(l-O) i ix 

& RT X „ "V^/T ^ ® “ RT ^ ^ ^ ^ 


P^ovgp 


Boyle 


^ 27 

or T„ , =^ = “^T„ = 3,375 T„ 

Boyle Rb 8 c C 


Redlich-Kwong: 


P = 


RT 


a 


v-b v(v+b)T 


1/2 


as in the first part, get 

a(l-b/v) 


RT , 
v-^ = b- 


Pv(l+b/v)T 


1/2 


p hm/5Z\ a(l-O) 1 it 

& RT X (— It. = b -- = 0 only at T 

P^oV0p/l Pv(l+0)T^'^ 


Boyle 


3/2_ 

OJ" Tgoyle = Rb 


a 0.427 48 R^T^^ 


P 


c 


RP 


x 


C 


0.08 664 RT 


c 


T 


=( 


0.427 48x2/3 

) T^ = 2.9T 


Boyle '"0.086 64 


c 
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13.57 

Develop expressions for isothermal ehanges in internal energy, enthalpy and 
entropy for a gas obeying the van der Waals equation of state. 


van der Waals equation of state: 

R 

VaT/v “ v-b 
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13.58 

Develop expressions for isothermal changes in internal energy, enthalpy and 
entropy for a gas obeying Redlich-Kwong equation of state. 


Redlich-Kwong equation of state: 



a 

v(v + b)Ti^2 


a 

VaT/V “ V - b 2v(v + hyi^'^ 
From eq. 13.31 




2 

3a 

^ 2v(v + b)Ti^2 
1 





We find change in h from change in u, so we do not do the derivative in 
eq. 13.27. This is due to the form of the EOS. 

(h^ - hj)^ = P^v^ - P^Vj - 

Entropy follows from Eq. 13.35 

2 



1 
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13.59 

Consider the following equation of state, expressed in terms of reduced pressure 

-2 

and temperature: Z = 1 + (P,./14Tj.)[ 1 - ]. What does this predict for the 

reduced Boyle temperature? 



Lim (87^ 

atTboyle 
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13.60 

^ _a_ 
v-b v^T 

where a and b are eonstants. 


What is the Boyle temperature for the following equation of state: P 
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Show that the van der Waals equation ean be written as a eubie equation in the 
eompressibility faetor involving the redueed pressure and redueed temperature as 


Z3-( 


r .\ r 


8T 


1)Z2 


27 P 


64 T 


van der Waals equation, Eq.13.55 


27 P 


y Z--^=0 

2 512T 3 


P = 


RT 

v-b 


a = 


2J_^ 

64 P„ 


b = 


RT 

I 


multiply equation by 


v^tv 


Get: 


^ „ RT, T ,a, ah „ 
^ - (b + ^) v2 + (-) V - y = 0 


Multiply by 


and substitute Z = 


Pv 

RT 


Get: 


bP 


aP 


abP 


Z 3 + 1) Z2 + ( ^2^2) Z (^3^3) 0 


R-’T 


Substitute for a and b, get: 


. P, . f 27 P,^ 

Z3-(^+ 1)Z2+ -^ Z 

64 T 


27 P/ 

512 T 3 


= 0 


Where 
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13.62 

Determine the seeond virial eoeffieient B(T) using the van der Waals equation of 
state. Also find its value at the critical temperature where the experimentally 
observed value is about -0.34 RT^-ZP^.. 


From Eq. 13.51: B(T) =- 


lim 

p^o 


RT 


a 


where Eq. 13.47: a = ^ 


- V 


van der Waals: P = 


RT _a 
v-b 


v-b 


V 


which we can multiply by get 


V - b = 


^ a(v-b) 


P 


Pv 


or V - 


RT , a( 1 -b/v) 
— = b - - 


P 


Pv 


Taking the limit for P -> 0 then (Pv -> RT and v -> oo ) we get 


RTc 1 27 T 

B(T) = b-a/RT = ^(g- —) 


c 


where a,b are from Eq. 13.59. AtT = Tq then we have 
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13.63 

Determine the seeond virial eoeffieient B(T) using the Redlieh-Kwong equation 
of state. Also find its value at the eritieal temperature where the experimentally 
observed value is about -0.34 RT^-ZP^.. 


From Eq. 13.51: B(T) =- 


lim 

p^o 


RT 


a 


where Eq. 13.47: a = ^ 


- V 


For Redlieh Kwong the result beeomes 

a(l- b/v) 


RT , 

v-^ = b- 


Pv(l + b/v) T 


1/2 


Taking the limit for P -> 0 then (Pv -> RT and v -> oo ) we get 


=> 


B(T) = b - 


a 


RT 


3/2 


Now substitute Eqs. 13.61 and 13.62 for a and b, 


RT 


c 


B(T) = I 0.08664 - 0.42748 




V 


T 


and evaluated at T(- it beeomes 


B(Tc) = ^ 


RT r 1 RT 

- [0.08664 - 0.42748J = -0.341 


c 


p 


c 
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13.64 

One early attempt to improve on the van der Waals equation of state was an 
expression of the form 

P = ^.^ 

v-b v^T 


Solve for the eonstants a, b, and v^ using the same procedure as for the van der 
Waals equation. 

From the equation of state take the first two derivatives of P with v: 


5P 


RT 


+ 


2a 


r—"I = 

'^aV^T (■y.b)2 


a^p 


and Ot'- 


av 


2RT 

(v-b)- 


Since both these derivatives are zero at the critical point 


RT 


(v-b) 


2a ^ 
+ — 0 


v^T 


and 


2RT 6a 


(v-b) 


^ 'v^T 


= 0 


RT 


Also, 


c 


v^-b 


a 


2 


6a 

v^T 


solving these three equations: 

27 

Vc “ ^ “ 64 P^ 



8Pc 
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13.65 


Calculate the differenee in internal energy of the ideal-gas value and the real-gas 
value for earbon dioxide at the state 20°C, 1 MPa, as determined using the virial 
equation of state, ineluding second virial coefficient terms. For carbon dioxide we 

have: B = -0.128 m^/kmol, T(dB/dT) = 0.266 m^/kmol, both at 20°C. 


virial eq.: 



BRT 



f_ R M f dBx 
V “ V ^ ^ v^ 


* 

u-u = 




Solution of virial equation (quadratic formula): 

- IRTf. n _ _ 1 . RT 8.3145x293.15 __ 

V = 2 ^ |_ 1 + V 1 + 4BP/RT J where: ^ =2.43737 

v=|x 2.43737 [l + a/I + 4(-0.128)/2.43737 ] =2.3018 m^/kmol 





Using the minus-sign root of the quadratie formula results in a eompressibility 
faetor < 0.5, whieh is not eonsistent with sueh a truneated equation of state. 


* 

U-U = 


-8.3145 X 293.15 
2.3018 



= - 281.7 kJ/kmol 
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13.66 


Calculate the differenee in entropy of the ideal-gas value and the real-gas value 
for carbon dioxide at the state 20°C, 1 MPa, as determined using the virial 
equation of state. Use numerieal values given in Problem 13.65. 


CO 2 at T = 20"C, P = 1 MPa 


RT/P* 


* 


SpsH - Sp 





dv ; ID Gas, 


* 


RT/P* 


p* 


Sp = 


V 


dv = 


P 

Rln — 
P 


v(P) 


v(P) 


RT/P 


* 


* 


Therefore, at P: Sp - Sp 


P 

= -R In ^ + 


P 



ai/v 


dv 


virial: 


„ RT BRT 
P = + and 


V 


V 


v(P) 

ai 


)v = 


R BR RT/dB\ 

,,2 (dT/ 


+ ^ + 


Integrating, 


* P RT r CdB 

Sr. - s„ = -Rin“ + R in+ rI B + T 


p ‘^p 


P 


P V 


dT 


)]e- 


p 


* 


V RT 


Using values for CO 2 from solution 13.65, 

* r 2 437 37 / \ 1 1 

Sp - Sp = 8.3145 [in+(-0.128 + 0.266 

= 0.9743 kJ/kmol K 
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13.67 

A rigid tank contains 1 kg oxygen at 160 K, 4 MPa. Determine the volume of the 
tank assuming we ean use the Redlieh-Kwong equation of state for oxygen. 
Compare the result with the ideal gas law. 

For the ideal gas law: Pv = RT so v = RT/P 

V = 0.2598 X 160 / 4000 = 0.0104 m^/kg ; V = mv = 0.0104 


For Redlieh-Kwong, Eq.13.57 and oxygen 

Pc = 5040kPa; T^= 154.6 K; R = 0.2598 kJ/kg K 

b = 0.08664 = 0.08664 x = 0.000 690 5 m^/kg 

c 

R^T^^^ 0 2598^ X 1 54 6^^^ 

a = 0.427 48^^ = 0.427 48 x ^-5040“^-" 



a 

v(v + 


trial and error to get v due to nonlinearity 


V = 0.01 m^/kg ^ 

V = 0.008 m^/kg ^ 

V = 0.0075 m^/kg ^ 

V = 0.007 m^/kg ^ 


P = 4465.1 - 1279.9 = 3185.2 kPa too low 
P = 5686.85 - 1968.1 = 3718.8 kPa too low 
P = 6104.41 - 2227.43 = 3876.98 kPa 
P = 6588.16 - 2541.70 = 4046.46 kPa 


Now we interpolate between the last two entries and eheek 

V = 0.00714 m^/kg ^ P = 6445.15 - 2447.3 = 3997.8 kPa OK 

V = mv = 0.00714 (69% of the ideal gas value) 
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13.68 


A flow of oxygen at 230 K, 5 MPa is throttled to 100 kPa in a steady flow 
process. Find the exit temperature and the specific entropy generation using 
Redlich-Kwong equation of state and ideal gas heat capacity. Notice that this 
becomes iterative due to the nonlinearity coupling h, P, v and T. 


C.V. Throttle. Steady single flow, no heat transfer and no work. 


Energy eq.: hj + 0 = h 2 + 0 
Entropy Eq.; Sj + Sgg^ = S 2 


so constant h 

so entropy generation 


Find the change in h from Eq. 13.26 assuming Cp is constant. 


Redlich-Kwong equation of state: P = 


RT 

V - b 


v(v + b)T 


1/2 


ai 




R 

V - b 


2v(v + b)T 


3/2 


From eq. 13.31 


(U2 - Ui)t = 


3a 

2v(v + b)T 


-3a . r/'’2 + '’ 


TQdv'rrzpilnK 


XTTTb)] 


We find change in h from change in u, so we do not do the derivative in 
eq. 13.27. This is due to the form of the EOS. 


3a r/V 2 + b 

ih - hi)T = P2V2 - Pivi ■ 


)(X^)] 


Entropy follows from Eq. 13.35 


2 

(S2 — Sj)rp ~ 


R a/2 1 

V - b ^ V(v + b)T3^^ J ^ 


a/2 


= Rln 


V2-t> 

Vi - b 


2bT 


3/2 


In 


[( 


V2 + b 


)(X^)] 


Pg = 5040kPa; Tg= 154.6 K; R = 0.2598 kJ/kg 1 

RTg 0 2598 x 154 6 

b = 0.08664= 0.08664 x ^^ = 0.000 690 5 m^ 

c 


R = 0.2598 kJ/kg K 
- = 0.000 690 5 mXkg 
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a = 0.427 48 ^-^ = 0.427 48 x = 1-V013 

c 

We need to find T 2 so the energy equation is satisfied 

h2-hi= h2-h, + h,-hi =Cp(T2-Ti) + (h2-hi)T = 0 

and we will evaluate it similar to Fig. 13.4, where the first term is done from state 
X to 2 and the seeond term is done from state 1 to state x (at Tj = 230 K). We do 

this as we assume state 2 is elose to ideal gas, but we do not know T 2 . 

We first need to find Vj from the EOS, so guess v and find P 

Vj = 0.011 m^/kg ^ P = 5796.0 - 872.35 = 4924 too low 

vj = 0.01082 m^/kg ^ P= 5899.0-900.7 = 4998.3 OK 

Now evaluate the ehange in h along the 230 K from state 1 to state x, that requires 
a value for v^. Guess ideal gas at = 230 K, 

Vx = RVP 2 = 0.2598 X 230/100 = 0.59754 m^/kg 
FromtheEOS: P 2 = 100.1157 - 0.3138 = 99.802 kPa (elose) 

A few more guesses and adjustments gives 

Vx = 0.59635 m^/kg; P 2 = 100.3157 - 0.3151 = 100.0006 kPa OK 

3a + vj 

(h, - hOT = PxVx - PlVl - 

= 59.635 - 5000 x 0.01082 - 243.694 In x 

= 59.635 - 54.1 + 14.78335 = 20.318 kJ/kg 



From energy eq.: T 2 = Tj - (h^ - hjjx/Cp = 230 - 20.318 / 0.922 = 208 K 
Now the ehange in s is done in a similar fashion, 

^gen ~ ~ ~ (^x ~ ®i)t ^2 ~ ^x 




+ Cpln 



= 0.2598 111(^^1^295^ “ 0.35318 In (0.94114) + 0.922 ln(|^) 


= 1.05848 + 0.021425 - 0.092699 

= 0.987 kJ/kg K 



Sonntag, Borgnakke and van Wylen 


Generalized Charts 


13.69 

A 200-L rigid tank contains propane at 9 MPa, 280°C. The propane is then 
allowed to cool to 50°C as heat is transferred with the surroundings. Determine 
the quality at the final state and the mass of liquid in the tank, using the 
generalized eompressibility ehart. Fig. D.l. 

Propane C 3 Hg: V = 0.2 m^ P^ = 9 MPa, Tj = 280°C = 553.2 K 


eool to = 50 T = 323.2 K 

From Table A.2: T ,3 = 369.8 K, P^ = 4.25 MPa 

9 553 2 

Pj-i =^:^=2.118, T^j = = 1.496 FromFig. D.l: 

0.825x0.188 55x553.2 . 

^"2 ^ ''i ^ ~~P ^ 9l)00 ^ 0.00956 mAkg 

From Fig. D. 1 at T^^ ^ 0.874, 

P^ =0.45 X 4250= 1912 kPa 

Crz 

Vq 2 = 0-71 X 0.188 55 x 323.2/1912 = 0.02263 m^/kg 

Vp 2 = 0.075 xO.188 55x 323.2/1912 = 0.00239 m^/kg 
0.00956 = 0.002 39 + X2(0.02263 - 0.00239) => = 0.354 

mLiQ 2 = (l-0.354)x0.2/0.00956 = 13.51 kg 


0.825 



These tanks 
eontain liquid 
propane. 









Sonntag, Borgnakke and van Wylen 


13.70 

A rigid tank contains 5 kg of ethylene at 3 MPa, 30°C. It is eooled until the 
ethylene reaehes the saturated vapor eurve. What is the final temperature? 




V = const m = 5 kg 

Pj = 3MPa Tj = 30 °C = 303.2 K 

cool to = 1.0 


^rl 5.04 


T . = 


303.2 


ri 282.4 


= 1.074 


Fig. D.l: Z, = 0.82 


1 


0.8^2°xL074 ° ^ ^ 02^,2 


Trial & error: 


T 


r2 


z 


G2 


P 


r2 


P 


r2 CALC 


0.866 0.72 0.42 0.421 


OK 


=> T =244,6 K 
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Refrigerant-123, diehlorotrifluoroethane, whieh is eurrently under development as 
a potential replaeement for environmentally hazardous refrigerants, undergoes an 
isothermal steady flow proeess in whieh the R-123 enters a heat exehanger as 
saturated liquid at 40°C and exits at 100 kPa. Caleulate the heat transfer per 
kilogram of R-123, using the generalized eharts. Fig. D.2 


R-123: M= 152.93, 1^ = 456.9 K, Pc = 3.67 MPa 




J_r 


- 1 

Heat exehanger 


7 



Ti=T2 = 40°C, xi=0 
P 2 = lOOkPa 


Tri = Tr2 = 313.2/456.9 = 0.685, = 0.1/3.67 = 0.027 

From Fig. D.2: P,i = 0.084, (h* - h)i/RTc = 4.9 
From D.l: saturated Pj = 0.084x3670 = 308 kPa 

P2< Pj with no work done, so proeess is irreversibel. 

Energy Eq.: q + hi=h 2 . Entropy Eq.: si + j dq/T + Sgen = § 2 , Sgen > 0 
From Fig. D.2: (h*- h) 2 /RTc = 0.056 

q = h 2 - hi = 8.3145 x 456.9 [-0.056 + 0 + 4.90]/l52.93 = 120.4 kJ/kg 
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An ordinary lighter is nearly full of liquid propane with a small amount of vapor, 

the volume is 5 em^, and temperature is 23°C. The propane is now diseharged 
slowly sueh that heat transfer keeps the propane and valve flow at 23 °C. Find the 
initial pressure and mass of propane and the total heat transfer to empty the 
lighter. 

Propane C^Hg = 23°C = 296.2 K = eonstant, xi = 0.0 

V = 5 em^ = 5x10-*^ m^ T = 296.2/369.8 = 0.804 

1 ’ rl 

From Figs. D.l and D.2, 

Pi = Pq Ti = 0.25x4.25 = 1.063 MPa, = 0.04 
(hj-hi) = 0.188 55x369.8x4.51 =314.5 



ZiIl 

ZiRTi 


1063x5x10'^ 

0.04x0.188 55x296.2 


0.00238 kg 


State 2: Assume vapor at 100 kPa, 23°C 

Therefore, m^ mueh smaller than mi ( ~ 9.0 x 10“^ kg) 

QcV = "^2^2 - ^1^1 + 

= m2h2 - mjhi - (P2-Pi)V + (mi-m2)h^ 

= + mi(h-hj) - (P2-Pi)V 

(h^-hi) = 0 + 0+ 314.5 

Qcv = « 0 + 0.00238(314.5) - (100-1063)x5xl0-^ = 0.753 kJ 


Aetual lighters uses 
butane and some 
propane. 
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A piston/cylinder contains 5 kg of butane gas at 500 K, 5 MPa. The butane 
expands in a reversible polytropie proeess to 3 MPa, 460 K. Determine the 
polytropie exponent n and the work done during the proeess. 


m = 5kg Tj = 500K P^ = 5 MPa 


Rev. polytropie proeess: 


p,v;= 


Tri = 425^2 = P^j=^= 1.316 FromFig. D.l 


F2 = :^=1'>82. 


From Fig. D.l 


_ mZRT 5 x 0.68 x 0.1430 x 500 _ , 

=-MOO-=0.0486 

niZRT 5 x 0.74 x 0.1430 x 460 , 

V2 = ^;- =- ^ -= 0.0811 

Solve for the polytropie exponent, n, as 

n = InCP/P^) / MV^/Vj) = In (|) / In = 0.9976 


Zj = 0.68 


= 0.74 


iW2 = /PdV = 


P 2 V 2 - PiVi 3000x0.0811 - 5000x0.0486 


1-n 


1 - 0.9976 


= 125 kJ 


1 


Sonntag, Borgnakke and van Wylen 


13.74 


Calculate the heat transfer during the process described in Problem 13.73. 
From solution 13,73, 

Vj = 0.0486 m^, = 0.0811 m^ jW2 = 125 kJ 

Tri 1.176, 1.316 FromFig. D.l; Zj = 0.68 

T , = 1.082, P ^ = 0.789, = 460 K 

r2 ’ rz ’2 

From Fig. D.2: (h*- h)^ = 1.30 RT^ , (h*- = 0.90 RT^ 

h* - hj = 1.716(460 - 500) = -83.1 kJ/kg 

8 3145x425 2 

h^-hj = -83.1 + ' 53 124 ' (-0-90+ 1.30) =-58.8kJ/kg 

U2-Ui = m(h2-h^)-P2V2 + PiV^ 

= 5(-58.8) - 3000 X 0.0811 + 5000 x 0.0486 = -288.3 kJ 
- Uj + = -174.3 kJ 
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A cylinder contains ethylene, C^H^, at 1.536 MPa, -13°C. It is now compressed 

in a reversible isobaric (constant P) process to saturated liquid. Find the specific 
work and heat transfer. 


Ethylene C 2 H 4 ; Pj = 1 -536 MPa = P 2 , 
State 2: saturated liquid, X 2 = 0.0 


Tj = -13T = 260.2 K 


^rl 282.4 ^rl ^r 2 5.04 


* 


From Figs. D.l, D.2: = 0.85 , (hj-hj)/RT^ = 0.40 

0.85x0.29637x260.2 _ 

V, = —5 — =-77T7-= 0.042675 

1 r. 1 j3o 


1 


* 


(h^-h^) = 0.296 37x282.4x0.40 = 33.5 
From Figs. D.l, D.2: T. = 0.824x282.4 = 232.7 K 


* 


= 0.05 , (h^-h^yRT^ = 4.42 

0.05x0.29637x232.7 

V 2 - p - -0.002245 


* 


(h 2 -h ) = 0.296 37x282.4x4.42 = 369.9 


* * 


(h 2 -hi) = Cpq(T 2 -Tj) = 1.5482(232.7-260.2) = -42.6 


Wj 2 = /Pdv = P(v 2 -Vj) = 1536(0.002 245-0.042 675) = -62.1 kJ/kg 
0i2 ^ ''^12 ^ =-369.9 -42.6 + 33.5 = -379 kJ/kg 
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Carbon dioxide collected from a fermentation process at 5°C, 100 kPa should be 
brought to 243 K, 4 MPa in a steady flow process. Find the minimum amount of 
work required and the heat transfer. What devices are needed to accomplish this 
change of state? 

278 2 100 

T =^37FrT = 0-915, P .= 0.0136 

n 304.1 n 7380 


From D.2 and D.3 : (h*-h) ./RT„ = 0.02, (s*-s)ri/R = 0.01 

n ^ 



0.80, P 

’ re 



0.542 


From D.2 and D.3: (h*-h) /RT^ = 4.5 , (s*-s)re/R = 4.74 

(h.-h ) = - (h^-R) + (h^-h;) + (h*-h ) 

= - 0.188 92x304.1x0.01 + 0.8418(278.2-243) 

+ 0.188 92x304.1x4.5 = 287.6 kJ/kg 

* * * * 

(s.-s^) = - (Sj -S.) + (S; -Sg) + (Sg-S^) 

= - 0.188 92x0.01 + 0.8418 ln(278.2/243) 

- 0.188 92 ln(0.1/4) + 0.188 92x4.74 = 1.7044 kJ/kg K 

w*'®'' = (h.-h^) -Tq(Sj-s^) = 287.6 - 278.2(1.7044) = -186.6 kJ/kg 

q’’®'' = (h -h.) + w'"®'' = -287.6 -186.6 = -474.2 kJ/kg 

6 1 

We need a compressor to bring the pressure up and a cooler to bring the 
temperature down. Cooling it before compression and intercooling between 
stages in the compressor lowers the compressor work. In an actual set-up we 
require more work than the above reversible limit. 
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Consider the following equation of state, expressed in terms of redueed pressure 
and temperature: 


Z= 1 + 





What does this equation prediet for enthalpy departure from the ideal gas value at 
the state Pj- = 0.4, Tj- = 0.9 ? 



P ^ 14P, W - j2 ) ’ 


R 12RT^ 
P ^ 14PJ^ 


v-T 



RT, 18RT^ 

14Pc ■ 14P 


Now Eq. 13.27 is integrated with limits similar to Eq.13.62 
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Consider the following equation of state, expressed in terms of redueed pressure 
and temperature: 


Z= 1 + 


14 T 


T 


What does this equation prediet for entropy departure from the ideal gas value at 
the state Pj- = 0.4, Tj- = 0.9 ? 


The entropy departure is the change in s for a real gas minus the change in s 
for an ideal gas, so from Eq. 13.32 and eq.8.23 we get 


Cl(s ” S } — Up rp - 


dT f dw 

[dTy 


P 


dP - [ C 


dT R ._n rR fdv 


PT 'P 


dP = 


P 


V 


dVp 


] dP 


Solve now for v from the compressibility factor ( Z = Pv/RT) to get 

7 - —-1 6 \ 


RT 


14 T 


T 


RT RTc 6T, 


^ P 14P„ 


T 


); 


v5Ty 


R 12RT 


P P ^ 14P.T^ 


* 


s - s 


p 

=/[ 

0 


R 

P 


/ 


V 


dv 

arjp 


1® = /t 


0 


i2rt: 

14PJ3 


] dP = 


7 ^ 3 


Evaluate at P^ = 0.4, T^ = 0.9 to get 




s - s = -0.4703 R 
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A flow of oxygen at 230 K, 5 MPa is throttled to 100 kPa in a steady flow 
proeess. Find the exit temperature and the entropy generation. 



Proeess: Throttling 
Small surfaee area: Q = 0; 
No shaft: W = 0 
Irreversible: Sgg^ > 0 


We will soove the problem using generalized eharts. 


230 


154 


5 


.6 ^ri 5 _o4 0-992, 


P = = 0 02 

^re 5.04 


FromD.2: (hj-hi) = 0.2598 x 154.6 x 0.50 = 20.1 

Energy Eq.: (hg- hj) = 0 = - (hg-hg) + (hg-hj) + (h; -hj) 

Assume Tg = 208 K , T^g = 1.345: (h*-h*) = 0.922(208 - 230) = -20.3 

From D.2: (hg-h^) = 0.2598 x 154.6 x 0.01 = 0.4 

Cheek first law (h - h.) =-0.4 -20.3 + 20.1 » 0 OK => T = 208 K 

6 1 6 

From D.3, 

(s--s^ = 0.2598x0.25 = 0.0649 and (s*-s^) = 0.2598x0.01 = 0.0026 

* * 208 0 1 
(Sg-S;) = 0.9216 In ^ - 0.2598 In ^ = 0.9238 kJ/kg K 

Sgen = (Sg- Sj) = -0.0026 + 0.9238 + 0.0649 = 0.9861 kJ/kg K 
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A cylinder contains ethylene, C 2 H 4 , at 1.536 MPa, -13°C. It is now compressed 

isothermally in a reversible process to 5.12 MPa. Find the specific work and heat 
transfer. 

Ethylene C 2 H 4 Pj = 1.536 MPa , T 2 = Tj = -13°C = 260.2 K 
T,2 = Tri = 260.2 / 282.4 = 0.921 , P.j = 1.536 / 5.04 = 0.305 
From D.l, D.2 and D.3: Zj = 0.85 

(h*-hi) = 0.2964x282.4x0.40 = 33.5 and (s*-Si) = 0.2964x0.30 = 0.0889 
From D.l, D.2 and D.3: Z 2 = 0.17, Pj 2 = 5.12/5.04 = 1.016 (comp, liquid) 

(h 2 -h 2 ) = 0.2964x282.4x4.0 = 334.8 and (S 2 -S 2 ) = 0.2964x3.6 = 1.067 

Ideal gas: (h 2 -hj) = 0 and (S 2 -S 1 ) = 0 - 0.2964 In ^= -0.3568 

192 = T(s 2 -Si) = 260.2(-1.067 - 0.3568 + 0.0889) = -347.3 kJ/kg 
(h 2 - hi) = -334.8 + 0 + 33.5 = -301.3 kJ/kg 

(U 2 - ui) = (h 2 -hi) - RT(Z 2 -Zi) = -301.3 - 0.2964x260.2(0.17-0.85) = -248.9 
1 W 2 = iq 2 - (u 2 - Ui) = -347.3 + 248.9 = -98,4 kJ/kg 
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Saturated vapor R-22 at 30°C is throttled to 200 kPa in a steady flow proeess. 
Calculate the exit temperature assuming no changes in the kinetic energy, using 
the generalized charts, Fig. D.2 and the R-22 tables. Table B.4. 

R-22 throttling process 1st law: h^-h^ = (h 2 -h 2 ) + (h 2 -hj) + (hj-h^) = 0 

a) Generalized Chart, Fig. D.2, R= 8.31451/86.469 = 0.096156 

303 2 * 

Ti=^^ = 0.821 => (hi-hj) = 0.096156 x 369.3 (0.53) = 18.82 

For CpQ, use h values from Table B.4 at low pressure. 

CpQ « 278.115 - 271.594) / (30 - 20) = 0.6521 kJ/kg K 

Substituting: (h 2 -h 2 ) + 0.6521(T2-30) + 18.82 = 0 
at P = 200/4970 = 0.040 

r2 

Assume T, = 5.0 °C => T ^ =278.2/369.3 = 0.753 

2 r2 

(h 2 -h 2 ) = RT X 0.07 = 0.096156 x 369.3 (0.07) = 2.49 

Substituting : -2.49 + 0.6521(5.0-30) + 18.82 = -0.03 « 0 

^ T^ = 5.0 "C 

b) R-22 tables, B.4: at T^ = 30 T, = 1.0 => hj = 259.12 kJ/kg 
h^ = hj = 259.12 , P^ = 0.2 MPa => T^ = 4.7 ‘’C 
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250-L tank contains propane at 30°C, 90% quality. The tank is heated to 300°C. 
Calculate the heat transfer during the process. 


T 



V = 250 L = 0.25 


Tj = 30 T = 303.2 K, = 0.90 

Heat to = 300 °C = 573.2 K 
M = 44.094, = 369.8 K, = 4.25 MPa 

R= 0.188 55, CpQ= 1.6794 


V 


T^j = 0.82^ Fig. D.l; 


Zj = (1- Xj) Zpj + Xj Z , = 0.1 X 0.05 + 0.9 x 0.785 = 0.711 


gi 


Fig D.2: 


* 

RT 


= 0.1 X 4.43 + 0.9 x 0.52 = 0.911 


Pf^^ = 0.30 Pj^^ = 1.275 MPa 


1275x0.25 


m = 


0.711x0.188 55x303.2 '^•^^2 kg 


^9 = 

rz 


7.842xZ2x0.188 55x573.2 

0.25x4250 


Z 


1.254 


at T , = 1.55 Trial and error on P , 

rz rz 


P ^2 = 0.743 => P^ = 3.158 MPa, Z^ = 0.94, (h*-h)^ = 0.35 RT 


c 


* * 


(h2-hi)= 1.6794(300-30) 


= 453.4 kJ/kg 


* 


(hi-hj) = 0.911x0.188 55x369.8= 63.5kJ/kg 


* 


(h 2 -h 2 ) = 0.35x0.188 55x369.8 = 24.4 kJ/kg 


Qj 2 = mCh^-hj) - (P 2 -Pi)V = 7.842(-24.4+453.4+63.5) - (3158-1275)x0.25 


=+3862 -471 = 3391 kJ 
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The new refrigerant fluid R-123 (see Table A.2) is used in a refrigeration system 
that operates in the ideal refrigeration eyele, except the compressor is neither 
reversible nor adiabatic. Saturated vapor at -26.5°C enters the compressor and 
superheated vapor exits at 65°C. Heat is rejected from the compressor as 1 kW, 
and the R-123 flow rate is 0.1 kg/s. Saturated liquid exits the condenser at 37.5°C. 
Specific heat for R-123 is Cp = 0.6 kJ/kg. Find the coefficient of performance. 


R-123: Tc = 456.9 K, = 3.67 MPa, M = 152.93 kg/kmol, R = 0.05438 kJ/kg K 
State 1: T j = -26.5‘^C = 246.7 K, sat vap., x^ = 1.0 

Tj-i = 0.54, Fig D.l, Pj-i = 0.01, Pi = Pj-iPc = 37 kPa 

Fig. D.2, hj-hj = 0.03 RT^ = 0.8 kJ/kg 

State 2: T 2 = 65°C = 338.2 K 
State 3: T 3 = 37.5°C = 310.7 K, sat. liq., X 3 = 0 
Tj .3 = 0.68, Fig. D.l: Pj .3 = 0.08, P 3 = Pj-3Pc ^ 

P 2 = P 3 = 294 kPa, Pj .2 = 0.080, Tj .2 = 0.74, 

Fig. D.2: h 2 -h 2 = 0.25 RTc = 6.2 kJ/kg 

h 3 -h 3 = 4.92 RTc = 122.2 kJ/kg 
State 4: T 4 = Ti = 246.7 K, hq = h 3 

1®^ Law Evaporator: qL + hq = hi + w; w = 0, hq = h 3 
qp = hi - h 3 = (hi - hj) + (hj - h 3 ) + (h 3 - h 3 ) 

h^ - h 3 = Cp(Ti - T 3 ) = -38.4 kJ/kg, qL = -0.8 - 38.4 + 122.2 = 83.0 kJ/kg 
1®^ Law Compressor: q + hi = h 2 + w^.; Q = -L0kW, in = 0.1 kg/s 

Wc = hi - h 2 + q; hi - h 2 = (hi - hj) + (hj - h 2 ) + (h 2 - h 2 ) 

h^ - h 2 = Cp(Ti - T 2 ) = -54.9 kJ/kg, 

Wc = -0.8 -54.9 + 6.2 - 10.0 = -59.5 kJ/kg 
p = qL/Wc = 83.0/59.5 = 1.395 
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An uninsulated piston/cylinder contains propane, C^H^, at ambient temperature, 

19°C, with a quality of 50% and a volume of 10 L. The propene now expands 
very slowly until the pressure in the cylinder drops to 460 kPa. Calculate the mass 
of propene, the work, and heat transfer for this process. 

Propene C 3 Hg; = 19T = 292.2 K, = 0.50, Vj = 10L 
From Fig. D. 1; = 292.2/364.9 = 0.80, 

P =P =0.25, P =0.25 X 4.6= 1.15 MPa 

rl r sat ’ 1 

FromD.l: = 0.5 x 0.04 + 0.5 x 0.805 = 0.4225 


m = 


ZiIl 

ZiRT^ 


1150x0.010 


0.4225x0.197 58x292.2 


Assume reversible and isothermal process (slow, no friction, not insulated) 

1Q2 = + 1^2 


= /PdV (cannot integrate); = /TdS = Tm(s 2 -Sj) 


1 


1 


From Figs. D.2 and D.3: 


* 


hj - hj = 0.19758 x 364.9(0.5 x 4.51 + 0.5 x 0.46) = 179.2 kJ/kg 


* 


(Sj - Sj) = 0.197 58 (0.5 x 5.46 + 0.5 x 0.39) = 0.5779 kJ/kg K 


The ideal gas change in h and s are 


* 


* 


* * 


460 


(h 2 -hj) = 0 and (S 2 - Sj) = 0 - 0.197 58 In = + 0.1829 kJ/kg K 


AtT ^2 = 0.80, P ^2 ^ 0-10’D.l, D.2 and D.3, = 0.93 

(h 2 -h 2 ) = 0.197 58 x 364.9 x 0.16 = 11.5 kJ/kg 

(S 2 - s^) = 0.197 58 X 0.13 = 0.0257 kJ/kg K 

Now we can do the change in s and h from state 1 to state 2 

* * * * 

(s^ - Sj) = -(S 2 - S 2 ) + (S 2 - Sj) + (Sj - Sj) 


= -0.0257 + 0.1829 + 0.5779 = 0.7351 kJ/kg K 

- hj) = - (h2 - h^) + (h2 - hj) + hj - hj 

= -11.5 + 0+ 179.2 = 167.7kJ/kg 


Sonntag, Borgnakke and van Wylen 


The heat transfer is found from the seeond law 

= 292.2 x 0.7351 = 214.8 kJ/kg => = m jq 2 = 101.2 kJ 

We need the internal energy in the energy equation 

U 2 - Uj = (h^ - + RT(Zj - Z^) = 167.7 + 0.197 58 x 292.2 (0.4225 - 0.93) 

= 138.4 kJ/kg 

= ^^2 ■ (^2 ' ^1^ ^ 214.8 - 138.4 = 76.4 kJ/kg 

= m = 36,0 kJ 
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A geothermal power plant on the Raft River uses isobutane as the working fluid. 
The fluid enters the reversible adiabatie turbine, as shown in Fig. PI3.42, at 
160°C, 5.475 MPa, and the eondenser exit condition is saturated liquid at 33°C. 
Isobutane has the properties Tg= 408.14 K, Pg= 3.65 MPa, Cpo= 1.664 kJ/kg K 

and ratio of specific heats k = 1.094 with a molecular weight as 58.124. Find the 
specific turbine work and the specific pump work. 

Turbine inlet: Tj = 160T , Pj = 5.475 MPa 


Condenser exit: T 3 = 33°C , X 3 = 0.0, Tj 3 = 306.2 / 408.1 = 0.75 
From Fig. D.l: 

Pr 3 = 0.16, Z 3 = 0.03 => P 2 = P 3 = 0.16 X 3.65 = 0.584 MPa 

T^i = 433.2/408.1 = 1.061, P^i = 5.475 / 3.65 = 1.50 
From Fig. D.2 & D.3: 

(hj-hi) = 0.143 05x408.1x2.84 = 165.8 

(Sj-Sj) = 0.143 05x2.15 = 0.3076 

* * 306 2 0 584 

(S 2 -Si)= 1.664 In ^^-0.143 05 In ^^ = -0.2572 


* * 

(S 2 ‘S 2 ) ^ (S 2 ‘Sf 2 ) ■ ^ 2 SfG 2 

= 0.143 05x6.12 - X 2 XO.I 43 05(6.12-0.29) = 0.8755 - X2x0.8340 
(S 2 -S 1 ) = 0 =-0.8755 + X2X0.8340 - 0.2572 + 0.3076 => X 2 = 0.99 

(h 2 -hi) = CpgCT^-Tj) = 1.664(306.2 - 433.2) = -211.3 
From Fig. D.2:, 

(h 2 -h 2 ) = (h 2 -hF 2 ) - X 2 hFG 2 = 0.143 05x408.1 [4.69-0.99(4.69-0.32)] 


Turbine: 

Pump: 

Wp = - 


= 273.8 -0.99 x 255.1 =21.3 

wj = (hi-h2) = -165.8 + 211.3 + 21.3 = 66.8 kJ/kg 


_ ZF 3 RT 3 ^ 0.03x0.143 05x306.2 
^F3 “ P 3 “ 584 


0.00225 


j V dP « Vf 3 (P 4 -P 3 ) = -0.00225 (5475-584) = -11.0 kJ/kg 
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A line with a steady supply of octane, CgHjg, is at 400°C, 3 MPa. What is your 

best estimate for the availability in a steady flow setup where changes in potential 
and kinetic energies may be neglected? 

Availability of Octane at T. = 400 °C, Pj = 3 MPa 



1.205, 


_ 673.2 
n“ 568.8 


1.184 


From D.2 and D.3, 

(h*-hj) = 0.072 79x568.8x1.13 = 46.8 ; (sj-s^) = 0.072 79x0.69 = 0.05 

Exit state in equilibrium with the surroundings, assume = 298.2 K, P^ = 


100 kPa 



298.2 _ „ 0.1 

-= n 594 P =- 

568.8 ’ ro 2.49 


0.040 


From D.2 and D.3, 

(hQ-h|j) = RT^x5.4 = 223.6 and (Sq-s^) = RxlO.37 = 0.755 

(h*-h*) = 1.7113(673.2-298.2) = 641.7 

* * 673 2 3 

(Si-So)= 1.7113 In^^-0.072 V91n^= 1.1459 

(h.-hp) = -46.8 + 641.7 + 223.6 = 818.5 
(s.-Sq) = -0.05 + 1.1459 + 0.755 = 1.8509 


9i 


rev 

= w ” 


= (h.-h^) - Tq(s.-Sq) = 818.5 - 298.2(1.8509) = 266.6 kJ/kg 
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An insulated cylinder fitted with a frictionless piston contains saturated-vapor 
carbon dioxide at O'^C, at which point the cylinder volume is 20 L. The external 
force on the piston is now slowly decreased, allowing the carbon dioxide to 
expand until the temperature reaches - SO'^C. Calculate the work done by the 
CO2 during this process. 

CO2: Tc = 304.1 K, Pc = 7.38 MPa, Cp = 0.842 kJ/kg-K, R = 0.1889 kJ/kg K 
State 1: Tj = O'^C, sat. vap., xj = 1.0, Vj = 20 L 

Tj-i = 0.9, Pi = Pj-iPc = 0.53 X 7380 = 3911 kPa, Zj = Zg = 0.67 

(hj - hi)g = 0.9 RTc, (sj - Si)g/R = 0.72, m = = 2.262 kg 

State 2: T2 =-30OC 

Tj .2 = 0.8, P2 = P1-2PC = 0-25 X 7380 = 1845 kPa 

2^dLaw: AS^et =m(s2 - si) - 1Q2/T ; iQ2 = 0, AS^et = 0 

S2 - SI = (S2 - S2) + (S2 - S^) + (sj - Si) = 0 


* 


* 


T 


p 




S2 - Sj = Cp In 


- R In ^ = 0.044 kJ/kg-K, Sj - Si = 0.136 kJ/kg-K 


S 2 - S 2 = 0.180 kJ/kg K, (s2 - S2)f = 5.46 R, (s2 - S2)g = 0.39 R 

^ ^ ^ 

(S2-S2) = (l-X2)(s2-S2 )f+X2 (s2 -S2 )g X 2 = 0.889 

l®^Law: 1 Q 2 = m(u 2 - ui) + 1 W 2 ; iQ 2 = 05 u = h-Pv 


Z2 = (l -X2)Zf+X2Zg = 0.111 X 0.04 + 0.889 X 0.81 = 0.725; 

(h2 - hi) = (h2 - h2) + (h2 - hj) + (hj - hi) 

h* - hj = Cp(T2 - Ti) = -25.3 kJ/kg, (h* - hi) = 51.7 kJ/kg 

(h* - h2)f = 4.51 RTc , (h* - h2)g = 0.46 RTc 

(^2 - h2) = (1 - X2)(h2 - h2)f + X2 (h2 - h2)g = 52.2 kJ/kg 
h2-hi =-52.2-25.3 + 51.7 = -25.8 kJ/kg 

U 2 - ui = (h 2 - hi) - Z 2 RT 2 + ZiRTi = -25.8 - 0.725 x 0.18892 x 243.2 

+ 0.67 X 0.18892 x 273.2 = -24.5 kJ/kg 
1 Wo = 55.4 kJ 
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An evacuated 100-L rigid tank is connected to a line flowing R-142b gas, 
chlorodifluoroethane, at 2 MPa, 100°C. The valve is opened, allowing the gas to 
flow into the tank for a period of time, and then it is closed. Eventually, the tank 
cools to ambient temperature, 20°C, at which point it contains 50% liquid, 50% 
vapor, by volume. Calculate the quality at the final state and the heat transfer for 
the process. The ideal-gas specific heat of R-142b is Cp = 0.787 kJ/kg K. 

Rigid tank V = 100 L, m^ = 0 Line: R-142b CH 3 CCIF 2 

M = 100.495, Tc = 410.3 K, Pc = 4.25 MPa, Cpo = 0.787 kJ/kg K 

R = :^M = 8.31451 / 100.495 = 0.082 73 kJ/kg K 

Line Pj = 2 MPa, T^ = 100 °C, Flow in to T 2 = Tq = 20T 

VlIQ 2 = VvaP 2 ^ 50 L 

Continuity: m. = m^ ; Energy: + m.h. = rn^u^ = m^h^ - P 2 V 

From D.2 at i: P . = 2 / 4.25 = 0.471, T . = 373.15 / 410.3 = 0.91 

ri ’ ri 

(h*-h.) = 0.082 73x410.3x0.72 = 24.4 

(h 2 -h*) = CppCT^-T.) = 0.787(20-100) = -63.0 

293 2 

From D.2: T = 777 ^ = 0.715 => P= 0.115x4250 = 489 kPa 

r 2 410.3 2 

sat. liq.: Zp = 0.02, (h*-hp) = RTcx4.85 = 164.6 
sat. vap.: Zq = 0.88, (h^-hc) = RTcxO.25 = 8.5 


m 


^2^00 2 


LIQ 2 ZfRT2 


489x0.050 = 4 u 

0.02x0.082 73x293.2 " 


P2VVAP 2 


m 


VAP 2 Z0RT2 


= 1.15 kg, 012 = 51.55 kg 


X 2 = mvAP 2/1112 =0.0223 


* 


* 


* 


(h 2 -h 2 ) = (l-X 2 )(h 2 -hF 2 ) + X 2 (h 2 -hG 2 ) = 0.9777 x 164.6 + 0.0223 x 8.5 = 161.1 
Qcv = iii 2 (h 2 -hi) - P 2 V = 51.55(-161.1-63.0+24.4) - 489x0.10 


= -10 343 kJ 
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Saturated liquid ethane at 2.44 MPa enters a heat exchanger and is brought to 611 
K at constant pressure, after which it enters a reversible adiabatic turbine where it 
expands to 100 kPa. Find the heat transfer in the heat exchanger, the turbine exit 
temperature and turbine work. 

From D.2, 

P , = 2.44/4.88 = 0.50 , T = 0.89, T, = 0.89x305.4 = 271.8 K 

rl ’ rl ’ 1 

(hj-hj) = 0.2765x305.4x4.12 = 347.9 

(h 2 -hi) = 1.766 (611 -271.8) = 599.0 
P ^ = 0.50 , T = 611/305.4 = 2.00 

r 2 ’ rz 

From D.2: (h^-h^) = RT^ x 0.14 = 0.2765x305.4x0.14 = 11.8 

q = (h^-hj) = -11.8 + 599.0 + 347.9 = 935.1 kJ/kg 
From D.3, 

(S 2 -S 2 ) = 0.2765x0.05 = 0.0138 


* * 


T 


(S 3 -S 2 ) = 1.766 In ^ - 0.2765 in 


100 

2440 


Assume T 3 = 368 K , 7^3 = 1.205 

at Pj 3 = 0.020 

(S 3 -S 2 ) = -0.8954 + 0.8833 = -0.0121 
From D.3, 

(S3-S3) = 0.2765x0.01 = 0.0028 

(S 3 -S 2 ) = -0.0028 - 0.0121 + 0.0138 « 0 OK 

Therefore, T 3 = 368 K 
From D.2, 

(h 3 -h 3 ) = 0.2765x305.4x0.01 = 0.8 
w = (h 2 -h 3 ) =-11.8+ 1.766 (611 - 368) + 0.8 = 418.1 kJ/kg 



Sonntag, Borgnakke and van Wylen 


13.90 


A control mass of 10 kg butane gas initially at 80°C, 500 kPa, is compressed in a 
reversible isothermal process to one-fifth of its initial volume. What is the heat 
transfer in the process? 

Butane m = 10 kg, = 80 T, = 500 kPa 

Compressed, reversible T = const, to = Vj/5 



353.2 

425.2 


= 0.831, P , 

’ rl 


500 

3800 


0.132 


From D.l and D.3: = 0.92, 

_ ZiRTi _ 0.92x0.143x353.2 
^1 “ Pj ~ 500 


(sJ-Sj) = 0.143x0.16 = 0.0230 
= 0.09296 m^/kg 


^2 ^ ^ 0.01859 m^/kg 

AtT =T , =0.831 

r2 rl 

From D.l: P^ = 0.325x3800= 1235 kPa 

o 

sat. liq.: Zp = 0.05, (s*-Sp) = Rx5.08 = 0.7266 

sat. vap.: = 0.775, (s*-Sq) = RxO.475 = 0.0680 

Therefore 



0.05x0.143x353.2 

1235 


0.00205 m^/kg 



0.775x0.143x353.2 

1235 


= 0.0317 m^/kg 


Since Vp < V 2 < v^ ^ X 2 = = 0.5578 

* * * 

(§2 - § 2 ) = (1 - X 2 )(S 2 - Sp 2 ) + X 2 (S 2 - 8 ^ 2 ) 

= 0.4422 X 0.7266 + 0.5578 x 0.0680 = 0.3592 kJ/kg K 
(S 2 - Sj) = CpQ ln(T 2 /Tj) - Rln(P 2 /Pj) = 0 - 0.143 ln(1235/500) = -0.1293 
(S 2 - Sj) = -0.3592 - 0.1293 + 0.0230 = -0.4655 kJ/kg K 
jQ 2 = Tm(s 2 - Sj) = 353.2 x 10 (-0.4655) = -1644 kJ 
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An uninsulated compressor delivers ethylene, C 2 H 4 , to a pipe, D = 10 cm, at 10.24 

MPa, 94°C and velocity 30 m/s. The ethylene enters the compressor at 6.4 MPa, 
20.5°C and the work input required is 300 kJ/kg. Find the mass flow rate, the total 
heat transfer and entropy generation, assuming the surroundings are at 25°C. 

293 7 6 4 

Tn = ^=l-040,P„ = ^=1.270 


From D.2 and D.3, 

(h*-h.) = 0.296 37 x 282.4 x 2.65 = 221.8 kJ/kg 
(s*-Sj) = 0.296 37 X 2.08 = 0.6164 kJ/kg K 



367.2 

282.4 


= 1.30 ,P 

’ re 


10.24 

5.04 


2.032 => FromD.l; 



Z RT 

e e 



e 


0.69x0.296 37x367.2 

10 240 


0.0073 m^/kg 


A = 7 Dj = 0.007 85 m2 => 
e 4 ^ 


A V 

e e 



0.007 85x30 
0.0073 


= 32,26 kg/s 


From D.2 and D.3, 

(h*-h^) = 0.296 37 x 282.4 x 1.6 = 133.9 kJ/kg 
(s*-s^) = 0.296 37 X 0.90 = 0.2667 kJ/kg K 

(h*-h*) = 1.5482(367.2-293.7) = 113.8 

* * 367 2 10 24 

(s^-Si) = 1.5482 In - 0.296 37 In = 0.2065 


(h^-h.) = -133.9 + 113.8 + 221.8 = 201.7 kJ/kg 
(s^-s.) = -0.2667 + 0.2065 + 0.6164 = 0.5562 kJ/kg K 
First law: 

30^ 

q = (h^-h.) + KE^ + w = 201.7 + - 300 = -97.9 kJ/kg 

= inq = 32.26(-97.9) = -3158 kW 
Qcv • 3158 

^gen = “ ' ^i) = + + 32.26(0.5562) = 28.53 kW/K 
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A distributor of bottled propane, C 3 Hg, needs to bring propane from 350 K, 100 

kPa to saturated liquid at 290 K in a steady flow proeess. If this should be 
aeeomplished in a reversible setup given the surroundings at 300 K, find the ratio of 
the volume flow rates Vjjj/Voyt, the heat transfer and the work involved in the 


proeess. 


350 


From Table A.2: T . = = 0.946 , 

n 369.8 

From D.l, D.2 and D.3, 

Z. = 0.99 
1 


P.=;^ = 0.024 
n 4.25 


* 


(h^-h.) = 0.1886x369.8x0.03 = 2.1 kJ/kg 


* 


(Si-s.) = 0.1886x0.02 = 0.0038 kJ/kg K 

T 0.784, 

re 369.8 

From D.l, D.2 and D.3, 

P =0.22, P = 0.22x4.25 = 0.935 MPa and 

re e 

(h*-h^) = 0.1886x369.8x4.57 = 318.6 kJ/kg 
(s*-s^) = 0.1886x5.66 = 1.0672 kJ/kg K 
(h*-h*) = 1.679(290 - 350) = -100.8 kJ/kg 


Z =0.036 

e 


* * 


(Se-Si) 


290 0 935 

= 1.679 In ^ - 0.1886 In-^ =-0.7373 kJ/kgK 


(h^-h.) = -318.6 - 100.8 + 2.1 = -417.3 kJ/kg 
(s^-s.) = -1.0672 - 0.7373 + 0.0038 = -1.8007 kJ/kg K 


V. 


in 


Z.T./P. 
1 1 1 


V , Z T /P 

out e e e 


0.99 350 0.935 _ 

0.036 ^ 290 ^ 0.1 


w'"®'' = (h.-h^) -Tq(s.-s^) = 417.3 - 300(1.8007) = -122.9 kJ/kg 
= (h -h.) + w''®'^ = -417.3 -122.9 = -540.2 kJ/kg 

Q 1 
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The environmentally safe refrigerant R-152a is to be evaluated as the working 
fluid for a heat pump system that will heat a house. It uses an evaporator 

temperature of-20°C and a eondensing temperature of 30°C. Assume all 
proeesses are ideal and R-152a has a heat capacity of Cp = 0.996 kJ/kg K. 

Determine the cycle coefficient of performance. 


Ideal Heat Pump = 30 C 


From A.2: M = 66.05, R = 0.125 88, T = 386.4 K, P = 4.52 MPa 



303 2 

P , = P , = 0.22 => P, = P, = 994 kPa 

r3 rz 3 2 


Sat.liq.: 


* 


h3 -h3 = 4.56xRT^ = 221.8 


T, = -20 “C = 253.2 K, T = 0.655, P , = 0.058 

1 ’ rl ’ rl 


Pj = 262 kPa 


* 


* 


hj - hj = 0.14xRT^ = 6.8 and 


Sj-Sj = 0.14xR =0.0176 


Assume = 307 K, = 0.795 given P^., = 0.22 


r2 


r2 


* 


* 


From D.2, D.3: S 2 - s, = 0.34xR = 0.0428 ; h 2 - h = 0.40xRT = 19.5 


* * 307 994 

s.-s, =0.996 InXTTTT-0.125 88 In= 0.0241 


1 


253.2 


262 


S 2 - Sj = -0.0428 + 0.0241 + 0.0176 = -0.001 « 0 OK 


^ h^ - hj = -19.5 + 0.996(307-253.2) + 6.8 = 40.9 
K - h = -19.5 + 0.996(307-303.2) + 221.8 = 206.1 


P = 


q 


H 


^2'^3 206.1 


''"in ^2 ■ ^1 


40.9 


= 5.04 
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Rework the previous problem using an evaporator temperature of 0°C. 


Ideal Heat Pump = 30 C 

From A.2: M = 66.05, R = 0.125 88, T = 386.4 K, P = 4.52 MPa 



303 2 

P , = P., = 0.22 => P, = P, = 994 kPa 

r3 r2 3 2 


Sat.liq.; 


* 


h3-h3 = 4.56xRT^^ = 221.8 


T = 0 T = 273.2 K, T = 0.707 => P = 0.106, P, = 479 kPa 

1 ’ rl rl ’ 1 


* 


hj -hj = 0.22xRT^= 10.7 
Assume T, = 305 K, T , = 0.789 

2 ’ r2 


and 


* 


Sj-Sj = 0.21xR =0.0264 


* 


* 


S2-S2 = 0.35xR =0.0441 


and h 2 - h^ = 0.38xRT^ = 18.5 


* * 305 0 994 

s.-s, =0.996 In0.125 88 In= 0.0178 


1 


273.2 


479 


S 2 - Sj = -0.0441 + 0.0178 + 0.0264 = 0.0001 « 0 OK 


- hj = -18.5 + 0.996(305.0-273.2) + 10.7 = 23.9 
K - h = -18.5 + 0.996(305.0-303.2) + 221.8 = 205.1 


^2 ■ 205 1 

p = 7^-T^ = = 8.58 


h2-hj 


23.9 
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13.95 

A 2 kg mixture of 50% argon and 50% nitrogen by mole is in a tank at 2 MPa, 
180 K. How large is the volume using a model of (a) ideal gas and (b) Kays 
rule with generalized eompressibility eharts. 


a) Ideal gas mixture 

Eq.12.5: 


Mmix = Z yi ^ + 0.5 X 28.013 = 33.981 


V = 


mRT 2x8.3145x180 


MmixP 


33.981 x 2000 


= 0.044 


b) Kay’s rule Eq.13.86 


Pc mix ^ 0-5 X 4.87 + 0.5 X 3.39 = 4.13 MPa 
Tc mix = 0-5 X 150.8 + 0.5 x 126.2 = 138.5 K 


Redueed properties: 

Fig. D.l: Z = 0.925 

mRT 


2 


Pr ~ 4 13 ~ 0.484, T 


180 


138.5 


= 1.30 


V = Z 


MmixP 


= 0.925 X 0.044 = 0.0407 
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A 2 kg mixture of 50% argon and 50% nitrogen by mass is in a tank at 2 MPa, 
180 K. How large is the volume using a model of (a) ideal gas and (b) vander 
Waals equation of state with a, b for a mixture? 


a) Ideal gas mixture 

Eq.12.15: ^ Ri = 0.5 x 0.2081 + 0.5 x 0.2968 = 0.25245 kJ/kg K 


V = 


rnRmixT 


2 X 0,25245 x 180 
2000 


= 0.0454 


b) van der Waals equation of state, before we can do the parameters a, b for the 
mixture we need the individual component parameters. 


^Ar 


27^^^^ 27(0.2081 X 150.8)2 


64 P 


64 


4870 


= 0.08531 


27 

aN2-64 


R 27 (0.2968 X 126.2)2 


64 


3390 


= 0.17459 


bAr = 


RTc 0.2081 X 150.8 


8P 


8 X 4870 


= 0.000 805 


RTc 0.2968 x 126.2 
8Pc 8 X 3390 


Now the mixture parameters are from eq. 13.87 


mix 




2 _ 


= (0.5 X V0.08531 + 0.5 x ^0.17459)" = 0.126 




Using now eq.13.52: 


P = 


RT 

V - b 


2000 = 


0.25245 X 180 0.126 
V- 0.001 093 “ v2 


By trial and error we find the specific volume, v = 0.02097 m /kg 

V = mv = 0.04194 
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A 2 kg mixture of 50% argon and 50% nitrogen by mass is in a tank at 2 MPa, 
180 K. How large is the volume using a model of (a) ideal gas and (b) Redlieh 
Kwong equation of state with a, b for a mixture. 


a) Ideal gas mixture 

Eq.12.15: ^ Ri = 0.5 x 0.2081 + 0.5 x 0.2968 = 0.25245 kJ/kg K 


V = 


rnRmixT 


2 X 0.25245 x 180 
2000 


= 0.0454 


b) Redlieh Kwong equation of state. Before we ean do the parameters a, b for the 
mixture we need the individual component parameters, Eq. 13.58, 13.59. 

R^T A 7081 2 V ISO 8^’^ 

aAr = 0.42748 p = 0.42748 -- ' -= 1.06154 

c 

aN2 = 0.42748 ^ = 0.42748 ^ 


RT 


bAr = 0.08664 -y- = 0.08664 


c _ 0.2081 X 150.8 


4870 


= 0.000 558 


RTc 0 2968 X 126 2 

bN2 = 0.08664 0.08664 ^^ 

Now the mixture parameters are from eq.13.87 


= 0.000 957 


mix 




2 _ 


= (0.5 X V1.06154 + 0.5 x ^1.98743)" = 1.4885 




Using now eq.13.57: 


P = 


RT 


v-b v(v + b)Tk2 


2000 = 


0.25245 X 180 


1.4885 


V-0.000 758 v(v +0.000 758) 1801/2 


By trial and error we find the specific volume, v = 0.02102 m /kg 

V = mv = 0.04204 
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Saturated-liquid ethane at = 14°C is throttled into a steady flow mixing 
chamber at the rate of 0.25 kmol/s. Argon gas at T 2 = 25°C, P 2 = 800 kPa, enters 
the chamber at the rate of 0.75 kmol/s. Heat is transferred to the chamber from a 
heat source at a constant temperature of 150°C at a rate such that a gas mixture 
exits the chamber at T 3 = 120°C, P 3 = 800 kPa. Find the rate of heat transfer and 
the rate of entropy generation. 

Argon, T^2 ^ 25‘^C, P 2 = 800 kPa, n 2 = 0.75 kmol/s 

Tea = 150 K, Pea = 4.87 MPa, Ma = 39.948 kg/kmol, Cpa = 0.52 kJ/kg K 
ha3 - ha2 = MaCpa(T 3 - Ta 2 ) = 1973.4 kJ/kmol 
Inlet: Ethane, = Id'^C, sat. liq., x^^j =0, nj = 0.25 kmol/s 

Teb = 305.4 K, Peb = 4.88 MPa, Mb = 30.07 kg/kmol, Cpb = 1.766 kJ/kg-K 
Tj-i = 0.94, Pbi = PrlPcb = 0-69 x 4880 = 3367 kPa 

hfai - hbi = 3.81 RTeb = 9674.5 kJ/kmol, s^^j - s^i = 3.74 R= 31.1 

^b 3 ■ ^bl = MbCpb(T 3 - Tbi) = 5629.6 kJ/kmol 
Exit: Mix, 73 = 120‘^C, P 3 = 800 kPa consider this an ideal gas mixture. 
Energy Eq.: nih^i + n 2 ha 2 +Q = n 3 h 3 = + ^ 2^3 

Q = ni(hb 3 - \i) + n 2 (ha 3 - ha 2 ) = 0.25 (5629.6 + 9674.5) + 0.75(1973.4) 

= 5306 kW 

Entropy Eq.: = ni(Sb 3 - § 1 , 1 ) + n 2 (Sa 3 - Sa 2 ) - Q/Th ; Th=150OC 

• • • • 

Ya = Vntot = 0-75; yb = ni/n^t = 0.25 

T 3 _ y„P 3 

Sa 3 - Sa 2 = ^aCpaln::^;—- R In — =8.14 kJ/kmol-K 

^ ^ a 2 ^a 2 

T 3 _ ybP3 _* 

®b3 “ ®bl ~ ^b^pbl^'p^^ - R in + Sj^j — Sbi — 

= 40.172 + 31.1 = 71.27 kJ/kmolK 
Sgen = 0.25 X 71.27 + 0.75 x 8.14 - 5306 / 423 = 11.38 kW/K 
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A modern jet engine operates so that the fuel is sprayed into air at a P, T higher 
than the fuel eritieal point. Assume we have a rieh mixture of 50% n-oetane and 
50% air by mole at 500 K and 3.5 MPa near the nozzle exit. Do I need to treat this 
as a real gas mixture or is an ideal gas assumption reasonable? To answer find Z 
and the enthalpy departure for the mixture assuming Kay’s rule and the 
generalized eharts. 


The mole fraetions are: 


yC8H18^0.5, y]sj 2 = 0.5 X 0.79 = 0.395, yQ 2 = 0.5 x 0.21 = 0.105 


Eq.12.5: 

Mmix = Z yi ^ 114.232 + 0.395 x 28.013 + 0.105 x 31.999 

= 71.541 

Kay’s rule Eq. 13.86 

Pc mix = 0-5 X 2.49 + 0.395 x 3.39 + 0.105 x 5.04 = 3.113 MPa 
Tc mix = 0-5 X 568.8 + 0.395 x 126.2 + 0.105 x 154.6 = 350.5 K 


Redueed properties: 


3.5 


500 


P =-= 1 124 T = 

3.113 350.5 


= 1.427 


Fig. D.l: Z = 0.87 I must treat it as a real gas mixture. 

* 8 3145 

Fig. D.2 h - h = 0.70 x RT^ = 0.70 x ^ = 28.51 kJ/kg 
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A mixture of 60% ethylene and 40% acetylene by moles is at 6 MPa, 300 K. The 
mixture flows through a preheater where it is heated to 400 K at constant P. Using 
the Redlich Kwong equation of state with a, b for a mixture find the inlet specific 
volume. Repeat using Kays rule and the generalized charts. 


To do the EOS we need the gas constant, so from Eq.12.5 we get 

Mmix = Z yi ^ 28.054 + 0.4 X 26.068 = 27.26 

Rmix = 8.3145/27.26 = 0.305 kJ/kg K 

Redlich Kwong EOS the individual component parameters, Eq.13.58, 13.59. 

R^T A 2964^ X 282 4^'^ 

ac 2 H 4 = 0.42748 = 0.42748 ^ ' -= 9.9863 


P 


5040 


0.3193^x 308.3^-^ 

ac2H2 = 0.42748 ^ = 0.42748--= 11.8462 


P, 

RT 


6140 


bc2H4 = 0-08664 0.08664 


c _ 0.2964 x 282.4 


5040 


= 0.001 439 


bc 2 H 2 = 0.08664 0.08664 


RTc _ 0.3193 x 308.3 


6140 


= 0.001 389 


Now the mixture parameters are from eq.13.87 so we need the mass fractions 


yM 0.6 x 28.054 
*^C 2 H 4 ~A/r ~ ATT/: —0.6175, 


M 


mix 


27.26 


CC 2 H 4 - 1 - CC 2 H 4 - 0.3825 


a 


^ = [^Ci = (0.6175 X ^9.9863 + 0.3825 x Vll.8462f = 10.679 
bmix = Z = 0-6125 X 0.001 439 + 0.3825 x 0.001 389 = 0.001 42 


Using now eq.13.57: 


P = 


RT 


a 


v-b v(v + b)Tfi 2 


6000 = 


10.679 


0.305 X 300 __ 

V - 0.001 42 “ v(v + 0.001 42) 300^2 

By trial and error we find the specific volume, v = 0.006683 m /kg 
Kay’s rule Eq. 13.86 

Pc mix ^ 0-6 X 5.04 + 0.4 X 6.14 = 5.48 MPa 
Tc mix ^ 0-6 X 282.4 + 0.4 x 308.3 = 292.8 K 

Reduced properties: Pj. = = 1.095, T,. = = 1 -025 

Fig. D.l: Z = 0.4 (difficult to read) 

V = ZRT/P = 0.4 X 0.305 x 300 / 6000 = 0.0061 m^/kg 
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13.101 

For the previous problem, find the speeifie heat transfer using Kay’s rule and the 
generalized eharts. 


To do the EOS we need the gas eonstant, so from Eq.12.5 we get 

Mmix = Z yi ^ 28.054 + 0.4 X 26.068 = 27.26 


Rjnix = 8.3145/27.26 = 0.305 kJ/kg K 


yM 0.6 x 28.054 
*^C2H4~A/r ~ O'? T/: —0.6175, 


M 


mix 


27.26 


CC2H4 - 1 - CC2H4 “ 0.3825 


Cpmix = Z^i Cpi = 0.6175 X 1.548 + 0.3825 x 1.699 = 1.606 kJ/kg K 
Kay’s rule Eq. 13.86 

Pc mix ^ 0.6 X 5.04 + 0.4 X 6.14 = 5.48 MPa 


Tc mix ^ 0-6 282.4 + 0.4 x 308.3 = 292.8 K 


Redueed properties 1: 


5 48 


6 


T.1 = 


300 

292.8 


= 1.025 


* 


Fig. D.l; (hj-hi) = 2.1 xRT^ = 2.1 x 0.305 x 292.8 = 187.5 kJ/kg 


Redueed properties 2: 


“ 5.48 “ 


6 




400 

292.8 


= 1.366 


* 


Fig. D.l: (h 2 -h 2 ) = 0.7 x RT^ = 0.7 x 0.305 x 292.8 = 62.5 kJ/kg 


The energy equation gives 

192 = (^2 - hi) = (h2 - h2) + (h2 - hj) + (hj - hi) 

= -62.5 + 1.606 (400 - 300) + 187.5 

= 285.6 kJ/kg mix 
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One kmol/s of saturated liquid methane, CH 4 , at 1 MPa and 2 kmol/s of ethane, 
C 2 H 65 at 250°C, 1 MPa are fed to a mixing chamber with the resultant mixture 
exiting at 50°C, 1 MPa. Assume that Kay’s rule applies to the mixture and 
determine the heat transfer in the process. 

Control volume the mixing chamber, inlet CH 4 is 1, inlet C 2 H 6 is 2 and the 
exit state is 3. Energy equation is 

= ^3 hs - hi - h^ hi 

Select the ideal gas reference temperature to be T 3 and use the 
generalized charts for all three states. 

Prl = Prsat = 1/4.60 = 0.2174 => T^sat = 0.783, 

Ti =0.783 X 190.4= 149.1 K, Ahi = 4.57 

P 1.2 = 1/4.88 = 0.205, Ti .2 = 523/305.4= 1.713, Ah 2 = 0.08 

ill = Ci(Ti - T 3 ) - Ahi RTc = 36.15(149.1 - 323.2) - 4.57 x 8.3145 x 190.4 
= -13528 kJ/kmol 

h 2 = C 2 (T 2 -T 3 )-Ah2RTc=53.11(250 -50) -0.08 x 8.3145 x 305.4 
= 10 419 kJ/kmol 
Kay’s rule Eq.13.86 

Tcmix = (1 X 190.4 + 2 X 305.4)/3 = 267.1 K 
Pcmix = (1 X 4.60 + 2 X 4.88)/3 = 4.79 MPa 
Tr 3 = 323.2/267.1 = 1.21 , Pr 3 = 1/4.79 = 0.21, Ah 3 = 0.15 
h 3 = 0 - 0.15 X 267.1 X 8.3145 = - 333 kJ/kmol 
= 3(-333) - 1(-13528) - 2(10 419) = - 8309 kW 
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13.103 


A piston/cyUnder initially contains propane at T = -7°C, quality 50%, and volume 
lOL. A valve connecting the cylinder to a line flowing nitrogen gas at T = 20°C, P 
= 1 MPa is opened and nitrogen flows in. When the valve is closed, the cylinder 
contains a gas mixture of 50% nitrogen, 50% propane on a mole basis at T = 

20°C, P = 500 kPa. What is the cylinder volume at the final state, and how much 
heat transfer took place? 

State 1: Propane, Tj = -7®C, xj = 0.5, Vj = 10 L 

Tc = 369.8 K, Pc = 4.25 kPa, Cp = 1.679 kJ/kg-K, M = 44.097 kg/kmol 
Fig. D.l; Tri = 0.72, Pri=0.12, Pj = P^iPc = 510 kPa 
Fig. D.l; Zfi = 0.020, Zgj = 0.88, Zj = (1 - xj)Zfi + xjZg^ = 0.45 
ni = PiVi/(ZiRTi) = 510 X 0.01/(0.45 x 8.3145 x 266.2) = 0.00512 kmol 

hi=hj^ + 4(Ti-To) + (hi-h'); hj^ = 0, 

(hj-hi)f/RTc =4.79, (hj-hi)g/RTc = 0.25 

hj - hj = (1 - xj) (h^ - hi)f + xj (h^ - hi)g = 7748 kJ/kmol 

hi = 0 + 1.679 X 44.094(-7 - 20) - 7748 = -9747 kJ/kmol 

Inlet: Nitrogen, Tj = 20‘^C, Pj = 1.0 MPa, 

Tc = 126.2 K, Pc = 3.39 MPa, Cp^ = 1.042 kJ/kg-K, M = 28.013 kg/kmol 
Tj-i = 2.323, Pj-i = 0.295, h- -hi = 0.06 x 8.3145 x 126.2 = 62.96 kJ/kmol 

hi = hjo + Cpn(Ti - Tq) + (hi - h ) ; h.^ = 0, Ti-To = 0 

State 2: 50% Propane, 50% Nitrogen by mol, T 2 = 20‘^C, P 2 = 500 kPa 


a) 

b) 


Tcmix - 2/yiTci - 248 K, 


Pcmix = 2/yiPci = 3.82 MPa 


* 


Tr2 = 1-182, Pr2 = 0.131, Z2 = 0.97, (h^ - li2)/RTc = 0.06 


* 


_ 


* 


h2 = ^20 + Cpinix(T2 - To) + (h2 " ^ 9 ) ’ ^9. = T 2 - Tq = 0 


nj = nj => n 2 = nj-t-nj = 0.1024, V 2 = n 2 Z 2 RT 2 /P 2 = 0.0484 m 

1 Law: Q^y + n^hi = n 2 U 2 - n 2 iU 2 i + W^y; u = ii - Pv 

Wcv = (Pi + P 2 XV 2 Vi)/2 = 19.88 kJ 

Qcv = ^ 2^2 - niiii - niiii - P2V2 + PiVj + W^y 

hi = -62.96 kJ/kmol, h 2 = -123.7 kJ/kmol, Q^y = 50.03 kJ 
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13.104 

Consider the following referenee state eonditions: the entropy of real saturated 
liquid methane at -100°C is to be taken as 100 kJ/kmol K, and the entropy of 
hypothetieal ideal gas ethane at -100°C is to be taken as 200 kJ/kmol K. 

Caleulate the entropy per kmol of a real gas mixture of 50% methane, 50% ethane 
(mole basis) at 20°C, 4 MPa, in terms of the speeified referenee state values, and 
assuming Kay’s rule for the real mixture behavior. 

CH^: Tq = -100 °C, s^jQ 0 = 100 kJ/kmol K 

C^H^: Tq = -100T, PQ=lMPa, sj = 200 kJ/kmol K 

Also for CH^: = 190.4 K, P^ = 4.60 MPa 

For a 50% mixture Kay’s rule Eq.13.86: 

Tcmix = 0.5 X 190.4 + 0.5 x 305.4 = 247.9 K 
Pcmix = 0.5 X 4.60 + 0.5 X 4.88 = 4.74 MPa 

IG MIX at Tq(=-100 °C), Pq(= 1 MPa): 

CH ■ T ^ = 0.91 , P^ = 0.57 X 4.60 = 2.622 MPa 

4 rO ’ G 

CH4 “ ®LIQ 0 Pq '^LIQ^at Pq ' ^ 

= 100 + 4.01x8.3145 - 8.3145 ln(l/2.622) = 141.36 

s* MIX = 0.5x141.36 + 0.5x200 - 8.3145(0.5 In 0.5 + 0.5 In 0.5) = 176.44 

CpoMix = 0.5x16.04x2.254 + 0.5x30.07x1.766 = 44.629 

* 293 2 4 

Sjp MIX = 1'^6.44 + 44.629 kJ/kmol K 

For the mixture at T, P: T =1.183, P =0.844 

’ r ’ r 

* 

Entropy departure s^p ^ix ‘ mix ^ 0.4363x8.3145 = 3.63 kJ/kmol K 
Therefore, 

Sjp MIX = 188.41 - 3.63 = 184.78 kJ/kmol K 


An alternative is to form the ideal gas mixture at T, P instead of at T , P 


0 ’ 0 


* 


_* _ 


T - P 

^TP CH4 " ^LIQ 0 ^ "\lQ^ ^PO CH4 j " R p 


0 


G 


^G’ ^0 ^G’ ^0 
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* 

®TP C2H6 

* 

®TP MIX ' 
^TP MIX 


293 2 4 

100 + 33.34+ 16.04x2.254 In8.3145 Inp^ 

1/i.z z.o 

100 + 33.34 + 19.03 - 3.53 = 148.84 kJ/kmol K 

293 2 4 

= 200 + 30.07x1.766 In8.3145 Iny 

200 + 27.96- 11.53 = 216.43 kJ/kmolK 
0.5x148.84 + 0.5x216.43 

- 8.3145(0.5 In 0.5 + 0.5 In 0.5) = 188.41 kJ/kmol K 
188.41 - 3.63 = 184,78 kJ/kmol K 
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A cylinder/piston contains a gas mixture, 50% C02 and 50% C2H6 (mole basis) 
at 700 kPa, 35°C, at which point the eylinder volume is 5 L. The mixture is now 
eompressed to 5.5 MPa in a reversible isothermal proeess. Caleulate the heat 
transfer and work for the process, using the following model for the gas mixture: 

a. Ideal gas mixture. 

b. Kay’s rule and the generalized eharts. 
a) Ideal gas mixture 

U 2 - Ui = mC . (T 2 - Ti) = 0 

^ ^ vmix^ ^ 

Qi2 = Wi2 = r P dV = PiVi ln(V2A^i) = - PiVi ln(P2/Pi) 


= - 700 X 0.005 ln(5500/700) = -7.71 kJ 
b) Kay's rule 

Tcmix = 0.5 X 304.1 + 0.5 x 305.4 = 304.75 K 
Pcmix = 0.5 X 7.38 + 0.5 X 4.88 = 6.13 MPa 
Tri = 308.15/304.75 = 1.011, Pri = 0.7/6.13 = 0.1142 
Zi = 0.96, Ahi = 0.12, Asi = 0.08 


n = PiVi/ZiRTi 


700*0.005 

0.962*8.3145*308.15 


= 0.00142 kmol 


Tr2 = Tri , Pr2 = 5.5/6.13 = 0.897, 

Z 2 = 0.58, Ah2=1.35, As 2 = 1.0 
h2 - hi = (h2 - hi) - R Tc(Ah2 - Ahi) 

= 0 - 8.3145 X 304.75(1.35 - 0.12) = - 3117 
U2 - hi = h2 - iii + RT(Zi - Z2) = - 3117 

+ 8.3145 X 308.15(0.96 - 0.58) = -2143 kJ/kmol 
Qi2 = nT(s 2 - si)t = 0.00142 x 308.15 x 8.3145[ 0 - ln(5.5/0.7) -1.0 

+ 0.08 ] = - 10.85 kJ 

Wi2 = Qi2 - n(u2 - hi) = -10.85 - 0.00142(-2143) = - 7.81 kJ 
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13.106 

A cylinder/piston contains a gas mixture, 50% C02 and 50% C2H6 (mole basis) 
at 700 kPa, 35°C, at which point the eylinder volume is 5 L. The mixture is now 
eompressed to 5.5 MPa in a reversible isothermal proeess. Caleulate the heat 
transfer and work for the process, using the following model for the gas mixture: 

a. Ideal gas mixture. 

b. The van der Waals equation of state, 
a) Ideal gas mixture 

U 2 - Ui = mC . (T 2 - Ti) = 0 

^ ^ vmix^ ^ 

Qi2 = Wi2 = r P dV = PiVi ln(V 2 A^i) = - PiVi ln(P 2 /Pi) 


= - 700 X 0.005 ln(5500/700) = -7.71 kJ 

b) van der waal's equation 
For CO 2 : 

b = RTc/8Pc = 8.3145 x 304.1/8 x 7380 = 0.04282 
a = 27 Pc b2 = 27 X 7380 x 0.042822 = 365.45 
For C 2 H 6 : 

b = RTc/ 8 Pc = 8.3145 x 305.4/8 x 4880 = 0.06504 
a = 27 Pc b2 = 27 X 4880 x 0.065042 = 557 41 

amix = (0.5V365.45 + 0.5^/557.41)2 = 456.384 
bmix = 0.5 X 0.04282 + 0.5 x 0.06504 = 0.05393 

8.3145*308.2 456.384 „ 

^— A AciQT - - 2 - VOO = 0 

VI - 0.05393 vi^ 


By trial and error: vi = 3.5329 m^/kmol 

8.3145*308.2 456.384 „ 

V 2 - 0.05393 ■ V22 ■ ^ 


By trial and error: V 2 = 0.2815 m^/kmol 
n = Vi/vi = 0.005/3.5329 = 0.00142 


Qi 2 = nT(s 2 - si)t = n RT 



V2 -b 

VI - b 


= 0.00142 X 8.3145 x 308.2 


0.2815 - 0.05392 
3.5329 - 0.05392 


= - 9.93 kJ 


U 2 -U 1 = 0.00142 X 456.39(3.5329-1 - 0.2815-1) = -2.12 kJ 
Qi 2 = U 2 -U 1 + W 12 => W 12 = -9.93 -(-2.12) = -7.81 kJ 



Sonntag, Borgnakke and van Wylen 


Review Problems 



Sonntag, Borgnakke and van Wylen 


13.107 


Consider a straight line eonneeting the point C* = 0, Z = 1 to the eritieal point 
P = P^, Z = on a Z versus P compressibility diagram. This straight line will be 

tangent to one particular isotherm at low pressure. The experimentally determined 
value is about 0.8 T^^. Determine what value of reduced temperature is predicted 

by an equation of state, using the van der Waals equation and the Redlich-Kwong 
equation. See also note for Problem 13.56. 


Zc- 1 

slope = 

But also equals p“(,(||)x 
From solution 13.25 


for T = T' 



lim /5Z\ _ lim Z-1 _ ]_ hm / RT \ 

p^oV0p/T “ p^o P-0 “ RT P^oV “ p / 


VDW: using solution 13.25: 


lim /5Z\ - 1 


p^o 


vap^T 


p 


c 


RTt[b 


a 


RT 


7 


or 


( 


l-Z 


c 


P 


c 


)(RT')2 + bRT' - a = 0 


3 


Substituting = g 


a = 


27 

64 Pc 


, b = 


RT 


c 


8 P 


c 


40T' +8T' -27 = 0 

r r 


solving, T = 0.727 


Redlich-Kwong: using solution 13.25, 


Zc -1 


lim /5Z\_ 

p^ovaP"^T“ p 


c 


RT' ' RT' 


or 


( 


l-Z 


c 


P 


c 


)r2t' 5/2 + 3/2 . ^ = Q 


Substitute 


1 


Zc = j, a = 0.42748^^ 


R^Tc^ 


b = 0.08664 


RT 


c 


c 


P 


c 


get 


2 ^/9 'M? 

jT'^ + 0.086 64 T'; - 0.427 48 = 0 


solving, T'^ = 0.787 



Sonntag, Borgnakke and van Wylen 


13.108 


A 200-L rigid tank contains propane at 400 K, 3.5 MPa. A valve is opened, and 
propane flows out until half the initial mass has eseaped, at whieh point the valve 
is elosed. During this proeess the mass remaining inside the tank expands 

according to the relation Pv^'^ = constant. Calculate the heat transfer to the tank 
during the process. 

V = 200 L, = 400 K, = 3.5 MPa 
Flow out to m^ = ; Pv^'^ = eonst inside 

T,i = = 1.082, P^i = ^ = 0.824 Fig D. 1; Zj = 0.74 


^ 0.74x0.^88^55x400 ^ q V 2 = 2vi = 0.03188 


0.015 94 


0.2 1 

= 12.55 kg, m 2 = 2 mi = 6.275 kg. 



3500 

21-4 


= 1326 kPa 


Pr2 = ^7^=0.312 


4.25 




Trial & error: saturated with 
T 2 = 0.826x369.8 = 305.5 K & 


_ 1326x0.03188 
^2 “0.188 55x305.5 


0.734 


Z 2 = Zp2 + X2 (Zq2 - Zp2) = 0.734 = 0.05 + X2(0.78-0.05) => X 2 = 0.937 
(h*-hi) = 0.188 55x369.8(0.9) = 62.8 
(h2-hj) = 1.6794(305.5-400) = -158.7 

(h 2 -h 2 ) = (h 2 -hp 2 ) - X 2 hpG 2 = 0.188 55x369.8[4.41 - 0.937(4.41-0.55)] 

= 55.3 

1 st law: Qcv = m 2 h 2 - m^hj + (Pi-P 2 )V + m^h ^^ve 
L et hj = 0 then hj = 0 + (hj-hj) = -62.8 

h^ = hj + (h2-hj) + (h^-h*) = 0 - 158.7 - 55.3 = -214.0 

heAVE = (hi+h2)/2 =-138.4 

= 6.275(-214.0) - 12.55(-62.8) 

+ (3500-1326)x0.2 + 6.275(-138.4) = -981.4 kJ 
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A newly developed eompound is being eonsidered for use as the working fluid in 
a small Rankine-eyele power plant driven by a supply of waste heat. Assume the 
cyele is ideal, with saturated vapor at 200°C entering the turbine and saturated 
liquid at 20°C exiting the condenser. The only properties known for this 
compound are molecular weight of 80 kg/kmol, ideal gas heat capacity CpQ= 0.80 

kJ/kg K and = 500 K, = 5 MPa. Calculate the work input, per kilogram, to 
the pump and the cycle thermal efficiency. 



Turbine 


W 


T 



Tj = 200°C = 473.2 K, = 1.0 

T 3 = 20°C = 293.2 K, X 3 = 0.0 

Properties known: 

M = 80, CpQ = 0.8 kJ/kg K 

T^ = 500K, P^ = 5.0MPa 

^ 473.2 ^ 293.2 

500 “0-946, - 


r3 


500 


= 0.586 


R = R/M = 8.31451/80 = 0.10393 kJ/kg K 


From Fig. D.l, 

P =0.72, P =0.72x5 = 3.6MPa = P, 

rl ’ 1 4 

P ^3 = 0.023, P 3 = 0.115 MPa = P 2 , Zp 3 = 

_ ZF 3 RT 3 _ 0.004 X 0.10393 x 293.2 
^F3“ P 3 “ 115 

4 


0.004 

0.00106 



Wp = - / vdP « Vp 3 (P 4 -P 3 ) = -0.00106(3600-115) = -3.7 kJ/kg 



= \ ’ buth3 = h4 + Wp => = (hj-h3) + Wp 

From Fig. D.2: 

(hj-hj) = RT^ X 1.25 = 0.103 93 x 500 x 1.25 = 64.9 kJ/kg 
(h 3 -h 3 ) = 0.103 93 X 500 x 5.2 = 270.2 kJ/kg 
(hj-h*) = Cpq(Tj-T 3 ) = 0.80(200-20) = 144.0 kJ/kg 
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= -64.9 + 144.0 + 270.2 = 349.3 kJ/kg 
qjj = 349.3 + (-3.7) = 345.6 kJ/kg 


* 


* * 


* 


Turbine, (s^ - s^) = 0 = -(S 2 - S 2 )+(s 2 - Sj) + (Sj - s^) 
From Fig. D.3, 


* 


(Sj-Sj) = 0.10393x0.99 = 0.1029 kJ/kg K 

* * 293 2 115 

(S 2 -Sj) = 0.80 In 2 ■ 0-103 93 In 

Substituting, 


= -0.0250 


* 


* 


S2-s^ = +0.1029 - 0.0250 = 0.0779 = (S2-Sp2) - x^s 


2 FG2 


0.0779 = 0.103 93x8.85 - x^xO.103 93(8.85-0.06) 


=> 


* 


* 


(h-K) = 


2 FG2 


From Fig. D.2, 

hpQ2 = 0.10393 X 500 (5.2-0.07) = 266.6 


* 


(h 2 -h 2 ) = 270.2 -0.922 x 266.6 = 25.0 

= (hj-h^) = -64.9 + 144.0 + 25.0 = 104.1 kJ/kg 


w 


0 


NET 104.1-3.7 


TH 


q 


= 0.29 


H 


X, = 0.922 


345.6 
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A cylinder fitted with a movable piston eontains propane, initially at 6l'^C and 50 
% quality, at whieh point the volume is 2 L. The piston has a eross-seetional area 

o 

of 0.2 m . The external foree on the piston is now gradually redueed to a final 
value of 85 kN, during whieh proeess the propane expands to ambient 
temperature, Any heat transfer to the propane during this process comes 
from a constant-temperature reservoir at 67‘^C, while any heat transfer from the 
propane goes to the ambient. It is claimed that the propane does 30 kJ of work 
during the process. Does this violate the seeond law? 



+Q from Tj-gg = 67‘^C 
-Q to Environment Tq = 

Fext2 = 85kN 


Propane: Tc= 369.8 K, Pg = d.25 MPa, R = 0.18855 kJ/kg K, Cp = 1.679 kJ/kg K 
State 1: Ti = 61^C = 3d0.2 K, xj = 0.5, Vj = 2.0 L 

Tj-i = 0.92, Fig D.l, Pj.i = 0.61, Pj = Pj-iPg = 2.592 MPa 
= 0.10, Zgj = 0.6d, Zj = (1 - xi)Zfi + x^Zgi = 0.37 

1V1 * ^ 

m = = 0.218 kg, (hj - hi)f = 3.95 RT^., (hj - hi)g = 1.03 RT^ 

(sj - Si)f = d.O R , (sj - Si)g = 0.82 R 
State 2: T 2 = d^C = 277.2 K, Fe^t 2 = 85 kN 


sat 


sat 


Tj .2 = 0.75, P 2 '” = P;jPc = 0.165 X d250 = 701 kPa 


^2 ^ Fext 2 /^p 425 kPa, P 2 < P 2 State 2 is a vapor 

Pi.2 = 0.10, Z2 = 0.92, V 2 = mZ2RT2/P2 = 0.02d7 m3 


* 


* 


h2 - h2 =0.18 RTg =12.6 kJ/kg, S 2 - S 2 = 0.16 R = 0.0302 kJ/kg K 


1®^ Faw: 1 Q 2 = m(u 2 - uj) + 1 W 2 ; 1 W 2 = 30 kJ, u = h - Pv 

1Q2 = m(h2 - hi) - P2V2 + PiVi + 1W2 

(h 2 - hi) = (h 2 - h 2 ) + (h 2 - hj) + (hj - hi) 

(hj - hi) = (1 - xi)(hj - hi)f + xi (hj - hi)g = 173.6 kJ/kg 
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h 2 - hj = Cp(T 2 - Ti) = -105.8 kJ/kg 

1 Q 2 = 0.218 (-12.6 - 105.8 + 173.6) - 425x0.0247 + 2592x0.002 + 30 


= 36.7kJ 


nd 


1Q2 


Law: ASj^g^ = m(s 2 - Sj) - ; Tj-gg = 67‘^C = 340.2 K 

S2 - Si = (S2 - S 2 ) + (S2 - S^) + (Sj - Sj) 

Sj - Sj = (1 - xi)(sj - Si)f + xj (sj - Si)g = 0.4544 kJ/kg-K 

* * T 2 P 2 

S 2 - Sj = Cpln - R In ^ = -0.0030 kJ/kg K 


ASnet = 0.218 (-0.0302-0.0030+0.4544) - 36.7/340.2 = -0.0161 kJ/K; 
ASjjet < 0 Process is Impossible 
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One kilogram per second water enters a solar collector at 40°C and exits at 
190°C, as shown in Fig. P13.111. The hot water is sprayed into a direct-contact 
heat exchanger (no mixing of the two fluids) used to boil the liquid butane. Pure 
saturated-vapor butane exits at the top at 80°C and is fed to the turbine. If the 
butane condenser temperature is 30°C and the turbine and pump isentropic 
efficiencies are each 80%, determine the net power output of the cycle. 

H^O cycle: solar energy input raises 1 kg/s of liquid H^O from 40°C to 190°C. 

Therefore, corresponding heat input to the butane in the heat exchanger is 

= m(hp ^-hp = 1(807.62-167.57) = 640.05 kW 



4 


Turbine 



W 


T 


T 



2 



Cond 

— 1 —('pW- 

1 1 


3 


-W 


C 4 H 10 cycle 


Ti = 


80 T, Xj = 1.0 ; T 3 = 30 °C, X 3 = 0.0 


0 


ST 


T . = 


^SP 

353.2 


= 0.80 


ri 425.2 


= 0.831 


From D.l, D.2 and D.3: 

Pj = 0.325x3800 = 1235 kPa 


* 


(hj-hj) = 0.143 04x425.2x0.56 = 34.1 


* 


(Sj-Sj) = 0.143 04x0.475 = 0.0680 


303 2 

r3 425.2 ^ 

From D.l, D.2 and D.3: P 3 = 0.113x3800 = 429 kPa 


sat. liq.: (h*-hp) = RTp.x4.81 = 292.5 ; 


sat. vap.: (h*-hp 3 ) = RT^xO.235 = 14.3 ; 


c 


(s*-Sp) = Rx6.64 = 0.950 
(s*-Sp 3 ) = Rx0.22 = 0.031 


Because of the combination of properties of (particularly the large Cp^ 

/R), Sj is larger than s^ at T 3 . To demonstrate. 


* * 


353 2 1235 

(Si-Sq 3 )= 1.7164 In^^-0.143 04 ln^^ = 0.1107 
(Sj-Sp, 3 ) = -0.0680 + 0.1107 + 0.031 = +0.0737 kJ/kg K 
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so that T^g will be > T^, as shown in the T-s 

diagram. A number of other heavy hydroearbons 
also exhibit this behavior. 

Assume T^g = 315 K, ^ 0.741 


From D.2 and D.3: 


(^2S‘^2S^ = RT^x0.21 = 12.8 and (s^g-s.,^;) = Rx0.19 = 0.027 


2S "2S 


* * 353 2 1235 

(Si-S2s)= 1.7164 In0.143 04 ln^Y^ =+0.0453 

(Si-S2s) = -0.0680 + 0.0453 + 0.027 « 0 

^T2g = 315K 

(h*-h2s) = 1.7164(353.2-315) = 65.6 

WgT ^hj-h^g = -34.1 + 65.6 + 12.8= 44.3 kJ/kg 

W.J, = rigXWg.j, = 0.80x44.3 = 35.4 kJ/kg 


At state 3, 




0.019x0.143 04x303.2 


429 


= 0.001 92 mAkg 


-w 


SP 




vAP.-PA = 0.001 92(1235-429) = 1.55 kJ/kg 


■''"sp 1.55 

* 


W 


NET 


= = 35.4 - 1.94= 33.46 kJ/kg 


For the heat exchanger, 

Q„ = 640.05 = mc4Hio 


But h j -h^ = h j -h^+Wp 


(h 1-114) 


hi-hs = (hj-hj) + (hi-h3) + (h3-h3) 

= -34.1 + 1.716(80 - 30) + 292.5 = 344.2 kJ/kg 
Therefore, 


m 


640.05 

C4Hio~ 344.2-1.94 


= 1.87 kg/s 


^NET = ^C4Hio'^NET = l’^^ X 33.46 = 62.57 kW 


Sonntag, Borgnakke and van Wylen 


13.112 


A piston/cylinder contains ethane gas, initially at 500 kPa, 100 L, and at ambient 
temperature, 0°C. The piston is now moved, eompressing the ethane until it is at 
20°C, with a quality of 50%. The work required is 25% more than would have 
been required for a reversible polytropie proeess between the same initial and 
final states. Caleulate the heat transfer and the net entropy ehange for the proeess. 

Ethane: T^ = 305.4 K, P^. = 4.88 MPa, 

R = 0.2765 kJ/kg-K, Cp = 1.766 kJ/kg K 

State 1: Tj-i = 0.895, Pj-i = 0.102 ^ Zi = 0.95 

Yi = ZjRTi/Pi = 0.1435 m^/kg, mj = Vj/vj = 0.697 kg 


(hj-hi) = 0.13RTc= ll.OkJ/kg, (s^ - si) = 0.09 R = 0.025 kJ/kg K 
State 2: T 2 = 20OC, X 2 = 0.5, 1 W 2 = 1.25Wj.ev 

Tj -2 = 0.96, Pj .2 = 0.78, P 2 = Pr2^e ~ 3806 kPa 
Zf2 = 0.14, Zg2 = 0.54, Z 2 = (1 - X2)Zp+X2Zg = 0.34 

(h* - ^ 2 ) = (1 - X 2 ) 3.65 RTc + X2 (1.39 RTJ = 212.8 kJ/kg 


(^2 “ S 2 ) = (1 - X 2 ) 3.45 R + X2 X 1.10 R = 0.629 kJ/kg K 
V 2 = Z 2 RT 2 /P 2 = 0.0072 m^/kg, V 2 = mv 2 = 0.005 m^ 


PiVi=P2V2 



n = 0.6783 


^ P 2 V 2 -P 1 V 1 

Wj-ev = IP dV =--= -96.3 kJ, 1 W 2 = 1.25Wj.ev = -120.4 kJ 

a) 1®1 Law: 1 Q 2 = m(u 2 - ui) + jW 2 ; u = h-Pv 

h2 - hi = (h2 - + (h2 - h^) + (hj - hi) 

= -212.8 + 1.766(20-0)+ 11.0 = -166.5 kJ/kg 
U2 - ui = (h2 - hi) - (P 2 V 2 - Pivi) = -122.2 kJ/kg 
1 Q 2 = 0.697(-122.2) - 120.4 = -205.6 kJ 

b) 2^dLaw: ASnet = m(s2-si)- 1 Q 2 /T 0 ; To = 0OC 

S2 - Si = (S2 - S 2 ) + (S2 - Si) + (Sj - Si) 

(s* - Sj) = Cp ln(T 2 / Ti) - R ln(P 2 / Pi) = -0.436 kJ/kg K, 


ASnet = 0.697(-0.629 - 0.436 + 0.025) + 


205.6 

273.2 


= 0.028 kJ/K 
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An experiment is conducted at -100°C inside a rigid sealed tank containing liquid 
R-22 with a small amount of vapor at the top. When the experiment is done the 
container and the R-22 warms up to room temperature of 20°C. What is the 
pressure inside the tank during the experiment? If the pressure at room 
temperature should not exceed 1 MPa, what is the maximum percent of liquid by 
volume that can be used during the experiment? 

R-22 tables Go to -70 °C 


a) For h 


FG 


/-W 


const & 


V « V « RT/P 
FG G G 


In 


P h 

G1 FG 


1 1 


P 


/-W 


GO 


R LT T 
0 1 


extrapolating from -70 


(Table B.4.1) to = -85 ^C, ^ 

Also R = = 0.096 15 kJ/kg K 



For = 203.2 K & = 173.2 K 


In 


f^Gp 

k 256.5 

r 1 

1 1 

Go.5> 

0.096 15 

L203.2' 

I 73 . 2 J 


P^, = 2.107 kPa 

G1 


b) Extrapolating Vp from -70 °C to = -100 °C 


v^, « 0.000 634 

FI 


0.096 15x173.2 . 

Also v„, « RT,/P„, =- ATat-= 7.9037 

G1 1 G1 z.tu/ 


Since v, = v. « v„ = 0.000 824 

1 2 F2 


0.000 824 = 0.000 634+ XjX7.9031 => x^ = 2.404x10'^ 


^^=(l-Xj)Vpj = 0.000 634, 


m 


m 


= = 0.000 190 

1 G1 


% LIQ, by vol. = Q QQQ ^24 ""100 = '^6.9 % 
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The refrigerant R-152a, difluoroethane, is tested by the following proeedure. A 
10-L evacuated tank is connected to a line flowing saturated-vapor R-152a at 
40°C. The valve is then opened, and the fluid flows in rapidly, so that the process 
is essentially adiabatic. The valve is to be closed when the pressure reaches a 
certain value P 2 , and the tank will then be disconnected from the line. After a 

period of time, the temperature inside the tank will return to ambient temperature, 
25°C, through heat transfer with the surroundings. At this time, the pressure 
inside the tank must be 500 kPa. What is the pressure P 2 at which the valve 

should be closed during the fdling process? The ideal gas specific heat of R-152a 
is Cpo = 0.996 kJ/kg K. 

R-152aCHF2CH3 : A.2: M = 66.05, Tc = 386.4 K, Pc = 4.52 MPa, 


T 3 = To = 25T, P 3 = 500 kPa, R = R/M = 8.3145/66.05 = 0.12588 
T ,3 = 298.2/386.4 = 0.772, = 500/4520 = 0.111 

From D.l and D.2 at 3: Z 3 = 0.92, (h*-h )3 = 0.19 RTq 


P^V 


500x0.010 


m3 = m2 = m: = 


1 Z 3 RT 3 0.92x0.125 88x298.2 
Filling process: Energy Eq.: h; = U 2 = h 2 - Z 2 RT 2 


= 0.145 kg 


* 


* 


or (h 2 -h 2 ) + Cpo(T 2 -Ti) + (h, -hi) - P 2 V/m 2 = 0 
From D.2 with Tri= 313.2/386.4 = 0.811, 


* 


(h; -hi) = 0.125 88x386.4x0.49 = 23.8 ; Pi = 0.276x4520 = 1248 kPa 
Assume P 2 = 575 kPa, Pj .2 = 0.127 

Now assume T 2 = 339 K, Tj .2 = 0.877 => From D.l: Z 2 = 0.93 


Z 2 T 2 0.93x339 


P 


575 


= 0.5483 


/-W 


Z 3 T 3 

P. 


0.92x298.2 

500 


= 0.5487 


^ T 2 = 339 K is the correct T 2 for the assumed P 2 of 575 kPa. Now 
check the 1st law to see if 575 kPa is the correct P 2 . 

From D.2, h 2 -h 2 = 0.125 88x386.4x0.17 = 8.3 

575x0.010 

Energy eq.: -8.3 + 0.996(339-313.2) + 23.8 - q'Y456 ^ +1-5 « 0 


^ P 2 = 575 kPa 

(Note: for P 2 = 580 kPa, T 2 = 342 K, 1st law sum = +4.2) 
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Carbon dioxide gas enters a turbine at 5 MPa, 100°C, and exits at 1 MPa. If the 
isentropic efficieney of the turbine is 75%, determine the exit temperature and the 
seeond-law effieieney. 

CO^ turbine: Pg = w/Wg = 0.75 


inlet: = 100°C, Pj = 5 MPa, exhaust: P 2 = 1 MPa 


a) P. = 


5 


373.2 


1 


rl 7.38 304.1 7.38 


= 0.136 


From D.2 and D.3, 


* 


(hj-hj) = 0.188 92x304.1x0.52 = 29.9 


* 


(Sj-Sj) = 0.188 92x0.30 = 0.0567 
Assume T^g = 253 K, 0-832 


* 


From D.2 and D.3: ( 1125 - 112 ^) = RT^x0.20 = 11.5 


c 


* 


(s 2 S-S 2 g) R><0.17 = 0.0321 


* * 


253 1 

(S 2 S-S 1 ) = 0.8418 - 0.188 92 In^ = -0.0232 


(S 2 g-Si) = -0.0321 - 0.0232 + 0.0567 « 0 


T2g = 253 K 


* * 


(h 2 s-hi) = 0.8418(253-373.2) = -101.2 

Wg = (hj-h^g) = -29.9 + 101.2 + 11.5 = 82.8 kJ/kg 


* 


* * 


* 


w = PgXWg = 0.75x82.8 = 62.1 kJ/kg = (h^-hj) + (hj-h 2 ) + (h 2 -h 2 ) 


Assume = 275 K, ^ 0.904 


* * 


(hi-h 2 ) = 0.8418(373.2-275) = 82.7 
From D.2 and D.3, 


* 


* 


(h 2 -h,) = RT^x0.17 = 9.8 ; (S 2 -S 2 ) = Rx0.13 = 0.0245 


Substituting, 


w = -29.9 + 82.7 + 9.8 = 62.7 « 62.1 


= 275 K 


* * 


275 1 

b) (S 2 -S 1 ) = 0.8418 - 0.188 92 In^ = +0.0470 
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(s^-Sj) = -0.0245 + 0.0470 + 0.0567 = +0.0792 
Assuming = 25 °C, 

((Pj-cp^) = - h^) - T(,(Sj - S 2 ) = 62.1 + 298.2(0.0792) = 85.7 kJ/kg 

- ^ 

^2ndLaw (Pj-(P 2 85.7 
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A 4- m uninsulated storage tank, initially evaeuated, is eonneeted to a line 
flowing ethane gas at 10 MPa, 100°C. The valve is opened, and ethane flows into 
the tank for a period of time, after whieh the valve is elosed. Eventually, the 
whole system eools to ambient temperature, 0°C, at whieh time the it eontains 
one-fourth liquid and three-fourths vapor, by volume. For the overall proeess, 
ealeulate the heat transfer from the tank and the net ehange of entropy. 

Rigid tank V = 4 m^, m^ = 0 


Line: at P. = 10 MPa, T. = 100 °C 

2 6 - ’ ■ 


1 


1 


Flow in, then eool to = 0 C, 2 

M = 30.07, R = 0.2765, Cp^ = 1.766 


1 m^& V^^p2 = 3m 


P 

ri 4.88 


= 2.049, 


^ 373.2 ^ 

T . =TF?7= 1-225 
n 305.4 


From D.2 and D.3, 


* 


* 


(h.-h.) = 0.2765x305.4x2.0= 168.9 and (s^-s.) = 0.2765x1.22 = 0.3373 


273 2 

T = = 0 895 

r2 305.4 


From D.l, D.2 and D.3, ^2 ^ ^ 0.51x4880 = 2489 kPa 

sat. liq.: Zp = 0.087 ; (li*-lip) = RT^x4.09 = 345.4 ; (s*-Sp) = Rx4.3 = 1.189 
sat. vap. : = 0.68 ; (li*-li^) = RT^xO.87 = 73.5 ; (s*-s^) = Rx0.70 = 0.193 


G 


c 


2489x1 


m 


LIQ2 


0.087x0.2765x273.2 


G 


2489x3 


m 


VAP 2 0.68x0.2765x273.2 


= 145.4 kg 


= 524.1 kg 

1 st law: 


=> 


145.4 


^2 524.1 


= Q211 


Qcv = ^ 2^2 ■ " “^2<^^2'^i) ■ ^2^ " ) + (^i -hi)]' ^2^ 


* * 


(h2-hj) = 1.7662(0-100) = -176.6 


* 


* 


* 


(112-^2) = (1-X2)(h2-hF2) + ^7(^2-V.7) 


G2 


= 0.723 X 345.4 + 0.277 x 73.5 = 270.1 
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= 524.1 [-270.1 - 176.6+ I 68 . 9 ]-2489 x 4 =-155 551 kJ 


* 


* * 


* 


(s^-s.) = (S2-S2) + (S2-S -) + (s- -S.) 


* * 


273 2 2 489 

(® 2 ‘®i) ^ 1-7662 In 2 '0-2765 In' 


10 


= -0.1664 


* 


* 


* 


(S2-S7) = ( 1 -X 7 )(S 2 -Sf 2 ) + ^7(82- V,7) 


G 2 


= 0.723 xl.189 + 0.277 x 0.193 = 0.9131 
(s^-s.) = -0.9131 - 0.1664 + 0.3373 = -0.7422 


AS 


NET 


-155 551 

= 524.1(-0.7422)- ^ =180.4 kJ/K 
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A 10- m storage tank contains methane at low temperature. The pressure inside 
is 700 kPa, and the tank contains 25% liquid and 75% vapor, on a volume basis. 
The tank warms very slowly because heat is transferred from the ambient. 


a. What is the temperature of the methane when the pressure reaches 10 MPa? 

b. Calculate the heat transferred in the process, using the generalized charts. 

c. Repeat parts (a) and (b), using the methane tables. Table B.7. Discuss the 
differences in the results. 


CH^: V= 10m3,Pj = 700kPa 


V 


LIQ 


j = 2.5 mk V 


3 =7.5 m^ 


VAP 1 


0.70 
rl 4.60 


10 


a) P,= 777 T = 0.152, P^^ = = 2-174 


From D.l: Z^, = 0.025, Z„. = 0.87 & 

FI ’ G1 

Tj = 0.74 x 190.4= 140.9 K 



0.025x0.518 35x140.9 

700 


0.00261 



0.87x0.518 35x140.9 

700 


0.0908 


2.5 


m 


LIQ 1 0.00261 


= 957.9 kg, m 


7.5 


VAP 1 0.0908 


= 82.6 kg 


Total m = 1040.3 kg 

Y Z x0.518 35xl90.4xT 

^2 ^ '"i ^ m ^ 1040.5 ^ 0-00961 = 10 000 

or Z,T =0.9737 at P= 2.174 

2 r2 r2 

By trial and error 

T ^ = 1.334 & Z = 0.73, T^ = 1.334x190.4 = 254,0 K 

r2 2 ’ 2 

b) 1 st law: 

Qi 2 " = ^(h^-hj) - VCP^-Pj) 

89 f\ 

Using D.2 & Xj = Yo 4^~5 ^ 0-0794 

* * 
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= 0.518 35xl90.4[4.72-0.0794(4.72-0.29)] =431.1 


* * 


(I 12 -I 11 ) = 2.2537(254.0-140.9) = 254.9 


* 


(I 12 -II 2 ) = 0.518 35x190.4(1.47) = 145.1 
(h^-hj) = -145.1 + 254.9 + 431.1 = 540.9 kJ/kg 
Q,, = 1040.5(540.9) - 10(10 000-700) = 469 806 kJ 


c) Using Table B.7 for CH 


T =T 

1 SAT 


j = 141.7 K, 


Vpj = 0.002 675, 


=-178.47 

FI 


v„, = 0.090 45 , u„, = 199.84 

kjl U1 


2.5 


7.5 


m 


LiQ 1 0.002 


- =934 6 m =-= 82 9 

675 ’ VAP 1 0.090 45 


Total mass m= 1017.5 kg and 


10 


^^2 = 


jQjy 2 = 0.009 828 m /kg 


At V 2 & P 2 = 10 MPa 


T2 = 259.1 K 
U2 = 296.11 


Qj 2 = m(u 2 -Uj) = 1017.5x296.11 - 934.6(-178.47)- 82.9(199.84) 


= 451 523 kJ 
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A gas mixture of a known composition is frequently required for different 
purposes, e.g., in the calibration of gas analyzers. It is desired to prepare a gas 
mixture of 80% ethylene and 20% carbon dioxide (mole basis) at 10 MPa, 25°C 
in an uninsulated, rigid 50-L tank. The tank is initially to contain C02 at 25 °C 
and some pressure P\. The valve to a line flowing C2H4 at 25°C, 10 MPa, is now 
opened slightly, and remains open until the tank reaches 10 MPa, at which point 
the temperature can be assumed to be 25°C. Assume that the gas mixture so 
prepared can be represented by Kay’s rule and the generalized charts. Given the 
desired final state, what is the initial pressure of the carbon dioxide, P\1 



A = C2H4, B = CO2 

P^^IO MPa 

A 



Tj = 25 T 

P2= lOMPa, T2 = 25 °C 

= 25 °C 

t 



V=0.05 

B 



Mixture at 2 : 


P ^2 = 0-8 X 5.04 + 0.2 X 7.38 = 5.508 MPa 
T ^2 = 0-8 X 282.4 + 0.2 x 304.1 = 286.7 K 
T , = 298.15/286.7 = 1.040; P , = 10/5.508 = 1.816 

r2 ’ r2 

D.l ; Z2 = 0.32 


^2 Z,RT 


10 000x0.05 


0.32x8.3145x298.2 


= 0.6302 kmol 


n., = n. = 0.8 m = 0.5042 kmol C,H. 

A2 1 2 2 4 

Uq, = n = 0.2 n, = 0.1260 kmol CO. 

DZ 12 2 

298 2 

T = =0 981 

304.1 

n Z RT 0.126 Z x 8.3145x298.2 

By trial & error: P^^ = 0.618 & Z^^ = 0.73 
^ Pj = 0.618 X 7.38 = 4.56 MPa 
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Determine the heat transfer and the net entropy ehange in the previous problem. 
Use the initial pressure of the earbon dioxide to be 4.56 MPa before the ethylene 
is flowing into the tank. 

A gas mixture of a known eomposition is frequently required for different 
purposes, e.g., in the ealibration of gas analyzers. It is desired to prepare a gas 
mixture of 80% ethylene and 20% earbon dioxide (mole basis) at 10 MPa, 25°C 
in an uninsulated, rigid 50-L tank. The tank is initially to eontain C02 at 25 °C 
and some pressure P \. The valve to a line flowing C2H4 at 25°C, 10 MPa, is now 
opened slightly, and remains open until the tank reaehes 10 MPa, at whieh point 
the temperature ean be assumed to be 25°C. Assume that the gas mixture so 
prepared ean be represented by Kay’s rule and the generalized eharts. Given the 
desired final state, what is the initial pressure of the earbon dioxide, P\1 


A = C 2 H 4 , B = CO 2 
Tj = 25 T 

P 2 = lOMPa, T 2 = 25 °C 

yA2 = 0-8’ yB2 = 0-2 

Mixture at 2 : 


Pi=10 MPa 




= 0.8 X 5.04 + 0.2 X 7.38 = 5.508 MPa 
= 0.8 X 282.4 + 0.2 x 304.1 = 286.7 K 
= 298.15/286.7 = 1.040; P , = 10/5.508 = 1.816 

’ r2 


z 


P 2 V 

Z 2 RT 2 


0.32 


10 000x0.05 
0.32x8.3145x298.2 


= 0.6302 kmol 


n., = n. = 0.8 m = 0.5042 kmol C-H. 

A2 1 2 24 

n_, = n = 0.2 n, = 0.1260 kmol CO. 

DZ VI L 

9QS 9 A^fkCi 

T , =T 7 TiT= 0-981 and P = 17 :^ = 0.618 
ri 304.1 rl 7380 

1st law: Q„,, + n.h. = mu. - n,u, = n.h. - n,h, - (P.-P,)V 

^CV 11 22 11 22 11^2 F 

or = n 2 (h 2 -h 2 ) - n^Cbj-hi) - n.(h.-hi) - (P 2 -Pi)V 
(sinee T. = Tj = T 2 , hj = hj = h 2 ) 
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= 0.83 X 8.3145 x 304.1 = 2099 kJ/kmol 

(h2-h2) = 3.40 X 8.3145 x 286.7 = 8105 kJ/kmol 

298 2 10 

T = = 1 -056, P . = = 1.984 

n 282.4 ’ n 5.04 

(ii; -ii.) = 3.35x8.3145x282.4 = 7866 kJ/kmol 

= 0.6302(-8105) - 0.126(-2099) - 0.5042(-7866) - (10 000-4560)x0.05 

= -1149kJ 

^Scv = ^282 - njSi , - n.s^ 

AS^gT = V2-Vi-Qcv/To-niSi 

Let s^Q = SgQ = 0 at = 25 °C, = 0.1 MPa 

Then = -8.3145 (0.8 lnO.8 + 0.2 lnO.2) = 4.161 kJ/kmol K 
* * * * 

^ ^BO (®P1 Tr®POTo)B (^r®Pl Ti)b 

4 56 

= 0 + (0-8.3145 In-^) - 0.60 x 8.3145 = -36.75 kJ/kmol K 

* * * * 

®i ^ ®A0 (®Pi Ti'^PO To)a ^®i‘®Pi Ti)A 

= 0 + (0-8.3145 In^) - 2.44x8.3145 = -58.58 kJ/kmol K 

* * * * 

®2 ^ ®MIX 0 (®P2 T2‘®P0 To)mIX (®2'®P2 T2)mIX 

= 4.161 + (0-8.3145 In^) - 2.551x8.3145 = -55.34 kJ/kmol K 

AS^g.^ = 0.6302(-55.33) - 0.126(-36.75) - 0.5042(-58.58) + 1149/298.2 

= +3.15 kJ/K 
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Clapeyron Equation 
13.120 

A special application requires R-22 at -150 F. It is known that the triple-point 
temperature is less than -150 F. Find the pressure and specific volume of the 
saturated vapor at the required condition. 

The lowest temperature in Table F.9 for R-22 is -100 F, so it must be extended 
to -150 F using the Clapeyron eqn. At Tj = -100 F = 359.7 R , 

Pj = 2.398 lbf/in.2 and R = = 0.022 97 Btu/lbm R 

P_hfg(T-Ti)_ 107.9 (309.7-359.7) _ 

Pj RTxTj 0.022 97 309.7 x 359.7 

P = 0.2912 Ibf/in.^ 

RT 0.022 97 x 778 x 309.7 _ 

= ?: =-0.2912 X 144-= 132 ft3/lbm 
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13.121 

Ice (solid water) at 27 F, 1 atm is compressed isothermally until it 
beeomes liquid. Find the required pressure. 

Water, triple point T = 32.02 F = 491.69 R, P = 0.088 67 Ibf/in.^ 

Vf= 0.016 022 ft^/lbm, Vi = 0.017 473 ft^/lbm 

hf = 0.00 Btu/lbm hj =-143.34 Btu/lbm 


dPjf hf - hj 
dX (Vf - Vi)T 


143.34x778.2 
-0.001 451x491.69x144 


= -1085.8 psia/R 


dPif 2 

AP « AT = -1085.8 (27 - 32.02) = 5450.7 Ibf/in.^ 


P = P + AP = 5451 Ibf/in.^ 

tp 
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13.122 

The saturation pressure can be approximated as In = A - B/T, where A and B 

are constants. Use the steam tables and determine A and B from properties at 70 F 
only. Use the equation to predict the saturation pressure at 80 F and compare to 
table value. 


In = A - B/T 


dP 


jf = Pm (-B)(-T-2) 


so we notice from Eq.13.7 and Table values from F.7.1 and F.4 that 

h 


B = 


Jifg 1053.95 


R 85.76/778 


= 9561.3 R 


Now the constant A comes from the saturation pressure as 


A = In Psat + B/T = In 0.363 + 


9561.3 


459.67 + 70 


= 17.038 


Use the equation to predict the saturation pressure at 80 F as 

9561.3 


In Psat = A-B/T= 17.038 - 


459.67 + 80 


= -0.6789 


Bsat ^ 0.5071 psia 

compare this with the table value of Pg^t = 0.507 psia and we have a very close 
approximation. 
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13.123 

Using thermodynamic data for water from Tables C.8.1 and C.8.3, estimate the 
freezing temperature of liquid water at a pressure of 5000 Ibf/in. . 



hjf = h^- hj = 0.0 




constant 


At the triple point, 

Vif = Vf - w = 0.016 022 -0.017 473 

= -0.001 451 ft^bm 
(-143.34)= 143.34 Btu/lbm 


dPif 143.34 778.2 

df ^491.69(-0.001 451)^ 144 =-1085.8 Ibf/m. R 

^ at P = 5000 Ibf/in^, 

(5000-0.09) 

T. 32.02+ = 27.4 F 
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Volume Expansivity and Compressibility 


13.124 


Determine the volume expansivity, ap, and the isothermal compressibility, ^p, 
for water at 50 F, 500 Ibf/in.^ and at 500 F, 1500 Ibf/in.^ using the steam tables. 

Water at 50 F, 500 Ibf/in.^ (compressed liquid) 


l/5v\ 1/Av\ 

“P “ vVax^P ~ v^AT^P 


Using values at 32 F, 50 F and 100 F 


0.016 106 - 0.015 994 
100 - 32 


1 


ap 


/^W 


0.015 998 


= 0.000 103 F-l 


P 


_ 

T ' v^SP^T ~ ■ v'^AP 


) 




Using values at saturation, 500 and 1000 Ibf/in. 


P 


1 




T~ 0.015 998 


0.015 971 - 0.016 024 
1000- 0.178 


= 0.000 0033 in.^/lbf 


Water at 500 F, 1500 Ibf/in. (compressed liquid) 


1 


CCp 


r*»mf 


0.020 245 


0.021 579-0.019 264 
550 - 450 


= 0.001 143 F-l 


P 


1 


0.020 139 - 0.020 357 


/-W 

/^W 


T~ 0.020 245 


= 0.000 0108 in.^/lbf 


2000 - 1000 
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13.125 


A cylinder fitted with a piston contains liquid methanol at 70 F, 15 Ibf/in. and 

volume 1 ft^. The piston is moved, compressing the methanol to 3000 Ibf/in.^ at 
eonstant temperature. Caleulate the work required for this process. The isothermal 

eompressibility of liquid methanol at 70 F is 8.3 x 10”^ in.^/lbf. 




dP j = - J vp.^ PdP^ 

1 



For V ~ const & p.^ » const. => 



For liquid methanol, from Table F.3 : p = 49.1 Ibm/ft^ 
Vj = 1.0ft^ m= 1.0x49.1 =49.1 Ibm 



1.0 X 8.3 X 10-6 

2 



xl44 = 5378.4 ft Ibf = 6.9 Btu 
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.126 

Sound waves propagate through a media as pressure waves that eauses the media 
to go through isentropie compression and expansion processes. The speed of 

sound c is defined by = {dP!dp)^ and it can be related to the adiabatic 

compressibility, which for liquid ethanol at 70 F is 6.4 x 10' in. /Ibf. Find the 
speed of sound at this temperature. 



From Table F.3 for ethanol, p = 48.9 Ibm/ft 



32.174x144 

6.4x10-^x48.9 


y/2 _ 


3848 ft/s 
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13.127 

Consider the speed of sound as defined in Problem 13.79. Calculate the speed of 
sound for liquid water at 50 F, 250 Ibf/in. and for water vapor at 400 F, 80 
Ibf/in. using the steam tables. 


From problem 13.79 : 



Liquid water at 50 F, 250 Ibf/in. 


2 


Assume 


dv/s ~ Vav/t 


Using saturated liquid at 50 F and compressed liquid at 50 F, 500 Ibf/in. , 




016024+0.015998 


2 


\2/ (500-0.18)x144x32.174 \_ . 

/ V 0.015998-0.016024 / 


c = 4778 ft/s 

Superheated vapor water at 400 F, 80 Ibf/in. 

v = 6.217 ftMbm, s = 1.6790 Btu/lbm R 
At P = 60 lbf/in.2 & s = 1.6790: T = 343.8 F, v = 7.7471 ftMbm 
At P = 100 lbf/in.2 & s = 1.6790: T = 446.2 F, v = 5.2394 ft^/lbm 




(100-60)xl44x32.174 \ 
5.2394-7.7471 / 


= 2.856 X 10® 


c = 1690 ft/s 









Sonntag, Borgnakke and van Wylen 


.128 

Liquid methanol at 77 F has an adiabatic compressibility of 7.1 x 10“^ in^/lbf. 
What is the speed of sound? If it is compressed from 15 psia to 1500 psia in an 
insulated piston/cylinder, what is the specific work? 


From Eq. 13.43 and Eq.13.40 and the density from table A.4 


- = (|)s = ), = 

= 13.290 X 10^ ftW 

c = 3645 ft/s 

The specific work becomes 

w = J*? dv = JT* (-P^v ) dP 

= -Ps V 0.5 (P 2 - Pj) 



- 7 - 144 X 32.174 ft^/s^ 

7.1 X 10'^ X 49.1 


2 

-J’PvPdP = -PsV / PdP 

1 


= -7.1 X 10'^ in^/lbf x ftMbm x (1500^ - 15^) psi^ 

= -0.163 (ft-lbf/lbm) (ft/in)^ = -23,4 ft-lbf/lbm = -0.03 Btu/lbm 
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Equations of State 
13.129 


Calculate the differenee in internal energy of the ideal-gas value and the real-gas 

value for carbon dioxide at the state 70 F, 150 Ibf/in. , as determined using the 
virial equation of state. For earbon dioxide at 70 F, 

B = -2.036 ft3/lb mol, T(dB/dT) = 4.236 ft3/lb mol 


Solution: 


CO 2 at 70 F, 150 Ibf/in 


virial: 


RT BRT 
P= — + 


V 


V 


dT 


X- 


R BR ^/dB\ 

v2 VdT/ 


+ 




V 


V 


* 


u-u = - 



00 



dT^v 


- P dv = - 


V 



a)RTVdB^ , 

^VdTJ = 


V 


RT^ dB 

V dT 


V 


B = -2.036 ft^/lbmol 


4.236 ftMbmol 


Solution of virial equation (quadratic formula): 


V = 


IRTF^ 

2 p + 



1+4BP/RT 


RT 1545x529.7 . 

But ■Tr= . . = 37.8883 


P 


150x144 


v = 0.5x37.8883 [1 + Vl+4(-2.036)/37.8883] = 35.7294 ftMbmol 

Using the minus-sign root of the quadratic formula results in a eompressibility 
factor <0.5, which is not consistent with such a truncated equation of state. 


u - u = 


-1.9859x529.7 

35.7294 


4.236 = -123.9 Btu/lbmol 
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Generalized Charts 
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13.130 

A 7-ft rigid tank contains propane at 1300 Ibf/in. , 540 F. The propane is then 
allowed to eool to 120 F as heat is transferred with the surroundings. Determine 
the quality at the final state and the mass of liquid in the tank, using the 
generalized eompressibility charts. 

Propane C^Hg! 

V = 7.0 ft^ Pj = 1300 lbf/in.2, = 540 F = 1000 R 


cool to T = 120F = 580R 


From Table F.l : = 



1300 

616 


2 . 110 , 


665.6 R, P^ 

_ 1000 
ri 665.6 


= 616 lbf/in.2 

= 1.502 


FromD.l: = 0.83 



ZiRTj 


P 


1 


0.83 X 35.04 X 1000 
1300 X 144 


= 0.1554 ftMbm 


From D.l at T , = 0.871, saturated => P„, = 0.43 x 616 = 265 Ibf/in.^ 

r2 ’ G2 


0.715 x 35.04 x 580 
=-TTT—7T^-= 0.3808 ft^/lbm 


G2 


265 X 144 


0.075 x 35.04 x 580 

V., =-—7T^-=0.0399 ftMbm 


F2 


265 X 144 


0.1554 = 0.0399+ XJ0.3781-0.0399) => x= 0.3388 


7.0 


mLiQ2 = (1 - 0.3388) q = 29.8 Ibm 


These tanks 
contain liquid 
propane. 
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13.131 

A rigid tank contains 5 Ibm of ethylene at 450 Ibf/in. , 90 F. It is cooled until the 
ethylene reaches the saturated vapor curve. What is the final temperature? 




m = 5 Ibm 


Pj = 450 Ibf/in^ Tj = 90 F = 249.7 R 


450 

P^i ^ 731 ^ 0.616, 


ri 508.3 


Fig. D.l 


Zj = 0.82 


Z,T, 

^ _ 2 rz 

P = P - 

r2 rlZJ, 

1 rl 


^•^^^0.82 X 1.082 ^-^943 Zq2T^2 


Trial & error to match a saturated satisfied. 


G2 


Guess a find the rest and compare with computed P 


r2 


from Eq. 


T 


r2 


z 


G2 


P 


r2 


P 


r2 CALC 


OK 


=> T„ = 442.7 R 


0.871 0.715 0.43 0.432 
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13.132 

A piston/cylinder contains 10 Ibm of butane gas at 900 R, 750 Ibf/in. . The butane 
expands in a reversible polytropic process with polytropic exponent, n = 1.05, 

until the final pressure is 450 Ibf/in. . Determine the final temperature and the 
work done during the proeess. 

m=101bm, = 900 R , = 750 Ibf/in.^ 

Rev. polytropic process (n=l.05), = 450 Ibf/in. 


^ 900 

^ri " 765.4 


= 1.176, P = 


750 


ri 551 


= 1.361 => FromFig. D.l: = 0.67 


_ 10 x 0.67 x 26.58 x 900 , 

^1“ 750 x 144 - 1.484 ft 

P,v; = PjV; ^ V, = 1.484 = 2.414 


P V 

2 2 

7 T =- 

^2 ^ r2 mRT 


c 


450 X 144 X 2.414 
10 X 26.58 X 765.4 


= 0.7688 


atP =450/551 =0.817 

r2 


Trial & error: T, = 1.068, = 0.72 

r2 ’ ^ 


=> 


T^ = 817.4 R 


iW2 = /PdV = 


^2^2 '^ _/ 450 x 2.414-750 X 1.484 \ 
1-n “V 1-1.05 


144 

778 


= 98.8 Btu 


1 
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13.133 


Calculate the heat transfer during the proeess described in Problem 13.132E. 

From solution 13.132, 

Vj = 1.473 ft^ V2 = 2.396 ft^, jW2 = 98.8Btu 
T =1.176, P =1.361, T = 1.068, P =0.817, T =817.4 R 

rl ’ rl ’ r2 ’ r2 ’2 


From D 


RT / I ~ 1*36, 
c 


h*-h 


RT 


c 


)2 = “' 


95 


* * 


h 2 - hi = 0.415 (817.4 - 900) = -34.3 Btu/lbm 

26.58x765.4 

h^ - hj = -34.3 + (-0.95 + 1.36) = -23.6 Btu/lbm 


U2-Uj=m(h2-h^)-P2V2 + PiVj 

450x144x2.414 750x144x1.484 

= 10(-23.6)---+ 


778 


778 


= -231.1 Btu 


1 Q 2 = U 2 - Uj + jW 2 = -132.3 Btu 
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13.134 


A cylinder contains ethylene, C 2 H 4 , at 222.6 Ibf/in. , 8 F. It is now compressed in 

a reversible isobaric (constant F) process to saturated liquid. Find the speeific 
work and heat transfer. 

Ethylene C 2 H 4 = 222.6 Ibf/in.^ = P^, = 8 F = 467.7 R 

State 2: saturated liquid, X 2 = 0.0 

R = 55.07 ft Ibf/lbm R = 0.070 78 Btu/lbm R 

^ 467.7 ^ ^ = 222-6 ^ 

ri 508.3 ^ ri S 2 731 


( h* 

R^y 1 ^ 
c 


40 


0.85 X 55.07 X 467.7 


P 


1 


222.6 X 144 


= 0.683 


* 


(hi-hj) = 0.070 78 x 508.3 x 0.40 = 14.4 
From D.l and D.2: = 0.822 x 508.3 = 417.8 R 


RT Jl ^ 

c 


42 


0.05 x 55.07 x 417.8 . 

V 2 = = 222.6 X 144 = 


* 


(h 2 -h,) = 0.070 78 x 508.3 x 4.42 = 159.0 Btu/lbm 


* * 


(h 2 -hi) = CppCT^-Tj) = 0.411(417.8 - 467.7) = -20.5 Btu/lbm 


144 


jW^ = f Pdv = P(v 2 -Vj) = 222.6(0.035 89 - 0.683) x = -26,7 Btu/lbm 


1 


^q^ = (U 2 - Uj) + jW 2 = (h 2 -hj) = -159.0 - 20.5 + 14.4 = -165,1 Btu/lbm 
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13.135 


Carbon dioxide collected from a fermentation process at 40 F, 15 Ibf/in. should 

be brought to 438 R, 590 Ibf/in. in a steady flow process. Find the minimum 
amount of work required and the heat transfer. What devices are needed to 
accomplish this change of state? 

35.1 

R = = 0.045 12 Btu/lbm R 



From D.2 and D.3: hp-h = 4.50 RTp, 

c e f 


Sp-s =4.70R 

e e 



= - 0.045 12 X 547.4 x 0.02 + 0.203(500 - 438) + 0.045 12 x 547.4 x 4.50 

= 123.2 Btu/lbm 

* * * * 

(S.-Sg) = - (Si -s.) + (Si -Sg) + (Sg-S^) 


= - 0.045 12x0.01 + 0.203 In ^ - 0.045 12 In ^ + 0.045 12x4.70 

= 0.4042 Btu/lbm R 

w'"®'' = (h.-h^) -T(,(s^-s^) = 123.2 - 500(0.4042) = -78.4 Btu/lbm 
q'"®'' = (h^-h.) + w'"®'' = -123.2 - 78.9 = -202.1 Btu/lbm 
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13.136 

Saturated vapor R-22 at 90 F is throttled to 30 Ibf/in. in a steady flow process. 
Calculate the exit temperature assuming no changes in the kinetic energy, using 
the generalized charts, Fig. D.2 and repeat using the R-22 tables. Table F.9. 

R-22 throttling process 

Tj = 90 F, Xj = 1.00, P 2 = 30 lbf/in.2 

Energy Eq.: h 2 -hj = (h 2 -h 2 ) + (h 2 -hi) + (hj-hj) = 0 


Generalized charts. 



549.7 

664.7 


0.827 


From D.2: 



1.9859x664.7 

86.469 


(0.55) = 8.40 


To get CpQ, use h values from Table F.9 at low pressure (5 psia). 

121 87-118 72 

CpQ ~ gQ ’ = 0.1572 Btu/lbm R 

Substituting into energy Eq.: (h 2 -h 2 ) + 0.1572 (T^ - 30) + 8.40 = 0 

30 

at P ^2 ^ 7 ^ ^ 0.042 

503.4 

Assume T, = 43.4 F = 503.1 R => T . = 77 J^= 0.757 

2 r2 664.7 



1.9859x664.7 

86.469 


(0.07)= 1.07 


Substituting, 


-1.07 + 0.1572(43.4 - 90) + 8.40 = 0.005 « 0 


T^ = 43.4 F 


b) R-22 tables, F.9: T^ = 90 F, Xj = 1.0 


2 


h^ = hj = 111.62 Btu/lbm, P^ = 30 Ibf/in. => 


111.62 Btu/lbm 

T, = 42.1 F 
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13.137 


A 10-ft3 tank contains propane at 90 F, 90% quality. The tank is heated to 600 F. 
Caleulate the heat transfer during the process. 


C3H8 



V= lOft^ 

Tj = 90 F = 549.7 R, Xj = 0.90 
Heat to = 600 F = 1059.7 R 
M = 44.094, T^ = 665.6 R 

= 616 lbf/in.2 

R = 35.04, CpQ = 0.407 Btu/lbm R 


T^j = 0.826 Figs. D.l and D.2 


Zj = 0.1 X 0.053 + 0.9 X 0.78 = 0.707, 


* 

hi-hj 

RT 


= 0.1 X 4.4+ 0.9 x 0.55 = 0.935 


= 0.31 ; Pr' = 0.31 X 616 = 191 Ibf/in.^ 


SAT 


PV 


191 X 144 X 10 


m = 


ZRT 0.707 X 35.04 x 549.7 


= 20.2 Ibm 


Pr2 = 


20.2 X Z^ X 35.04 x 1059.7 


Z 


616 X 144 X 10 


1.183 


r 


Trial & error: 


P =0.79 

r2 


< 


z, = 0.94 


P 2 = 490 lbf/in.2 

* 

^2-^2 

RT 


= 0.36 


* * 


(h 2 -hi) = 0.407(600-90) = 207.6 Btu/lbm 


* 


(hj-hj) = 0.935 X 35.04 x 665.9/ 778 = 28.0 


* 


(h 2 -h 2 ) = 0.36 X 35.04 x 665.9/ 778 = 10.8 

Qi2 = m(h2-hi)-(P2-Pi)V 


atT= 1.592 

r2 


= 20.2 (- 10.8 + 207.6 + 28.0) - (490 - 191) x 


144 X 10 
778 


= +4541 - 553 = 3988 Btu 
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13.138 


A cylinder contains ethylene, C,Hat 222.6 Ibf/in. , 8 F. It is now compressed 


2 4 

isothermally in a reversible process to 742 Ibf/in. . Find the specific work and 
heat transfer. 

Ethylene , R = 55.07 ft Ibf/lbm R = 0.070 78 Btu/lbm R 
State 1; Pj = 222.6 Ibf/in.^, = 8 F = 467.7 R 


State 2: P 2 = 742 Ibf/in.^ 


^ ^ 467.7 

^v2 508 


^ 222.6 
.3 “0-920; Pri“731 


= 0.305 


From D.l, D.2 and D.3: = 0.85 


h*-h 


RT 


c 


), = o. 


40 


* 


(hj-hj) = 0.070 78 x 508.3 x 0.40 = 14.4 Btu/lbm 


* 


(Sj-Sj) = 0.070 78 X 0.30#10.0212 Btu/lbm R 

742 

P ^2 ^ 7 ^^ 1.015 (comp, liquid) 

From D.l, D.2 and D.3: Z 2 = 0.17 

(h 2 -hD = 0.070 78 x 508.3 x 4.0 = 143.9 


* 


(s 2 -sD = 0.070 78 X 3.6 = 0.2548 


* * 


(h2-hi) = 0 


* * 


742 


(S 2 -S 1 ) = 0 - 0.070 78 In 222 5 ^ -0.0852 


= T(s 2 -Sj) = 467.7(-0.2548 - 0.0852 + 0.0212) = -149.1 Btu/lbm 
(h2-hj) = -143.9 + 0 + 14.4 = -129.5 

(U2-Uj) = (h2-hj) - RT(Z2 -Zj) 

= -129.5 - 0.070 78 x 467.7 (0.17 - 0.85) = -107.0 
jW 2 = jq 2 - (U 2 -Uj) = -149.1 + 107.0 = -42.1 Btu/lbm 
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13.139 


A geothermal power plant on the Raft river uses isobutane as the working fluid as 
shown in Fig. PI3.42. The fluid enters the reversible adiabatie turbine at 

320 F, 805 Ibf/in. and the eondenser exit eondition is saturated liquid at 91 F. 

Isobutane has the properties Tc = 734.65 R, Pc = 537 Ibf/in.^, Cpo = 0.3974 
Btu/lbm R and ratio of specific heats k = 1.094 with a molecular weight as 
58.124. Find the specific turbine work and the specific pump work. 

R = 26.58 ft Ibf/lbm R = 0.034 166 Btu/lbm R 

Turbine inlet: T = 779.7 / 734.7 = 1.061, P = 805 / 537 = 1.499 

rl ’ rl 

Condenser exit: T^ = 91 F , x^ = 0.0 ; T ^3 = 550.7/734.7 = 0.75 

FromD.l: P^^^ 0-165, 2^ = 0.0275 

P 2 = P 3 = 0.165 X 537 = 88.6 Ibf/in.^ 

From D.2 and D.3, 

(h^hj) = 0.034 166 x 734.7 x 2.85 = 71.5 Btu/lbm 

(s^Sj) = 0.034 166 X 2.15 = 0.0735 Btu/lbm R 

* * 550.7 88.6 

(S 2 -S 1 ) = 0.3974 In y - 0.034 166 In = -0.0628 Btu/lbm R 

He 

(S 2 -S 2 ) = (S 2 -Sp 2 ) - X 2 ®fg 2 ^ 0.034 166 X 6.12 - x^x 0.034 166(6.12 - 0.29) 

= 0.2090 -X 2 X 0.1992 

(s 2 -Sj) = 0 = -0.2090 + X 2 x 0.1992-0.0628+ 0.0735 => x^ = 0.9955 

(h 2 -hi) = CppCT^-Tj) = 0.3974(550.7-779.7) = -91.0 Btu/lbm 
From D.2, 

(h^-h^) = (h 2 -hp 2 ) - x^hpQ^ = 0.034 166x734.7[4.69 - 0.9955(4.69 - 0.32)] 

= 117.7-0.9955 X 109.7 = 8.5 Btu/lbm 
Turbine: w^ = (h^-h^) = -71.5 + 91.0 + 8.5 = 28.0 Btu/lbm 


Pump 



V = 


Zp.RT,, 
F3 3 

P, 


0.0275 X 26.58 x 550.7 
88.6 X 144 


= 0.031 55 ftMbm 


144 


- /vdP ~ Vp 3 (P 4 -P 3 ) = -0.031 55(805-88.6) x 



= -4,2 Btu/lbm 
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13.140 

A line with a steady supply of octane, CgH^g, is at 750 F, 440 Ibf/in. . What is 

your best estimate for the availability in an steady flow setup where changes in 
potential and kinetic energies may be neglected? 

Availability of Octane at T. = 750 F, P. = 440 Ibf/in.^ 


R = 13.53 ft Ibf/lbm R = 0.017 39 Btu/lbm R 


440 1209.7 

1023.8 " 


From D.2 and D.3: 

(h^hj) = 0.017 39 X 1023.8 x 1.15 = 20.5 Btu/lbm 
(s^Sj) = 0.017 39 X 0.71 = 0.0123 Btu/lbm R 

Exit state in equilibrium with the surroundings 
Assume = 77 F, = 14.7 Ibf/in.^ 



536.7 

1023.8 


= 0.524, P^Q 


14.7 

361 


0.041 


From D.2 and D.3: 

(ho-hp) = RT^^ X 5.41 = 96.3 and (sq-s^) = R x 10.38 = 0.1805 

(h--ho) = 0.409(1209.7 - 536.7) = 275.3 Btu/lbm 

* * 1209.7 440 

(sj-Sq) = 0.409 In rj - 0.017 391nY^ = 0.2733 Btu/lbm R 

(h.-hp) = -20.5 + 275.3 + 96.3 = 351.1 Btu/lbm 
(s.-Sq) = -0.0123 + 0.2733 + 0.1805 = 0.4415 Btu/lbm R 

v|/. = w’’"'' = (h.-hp) - Tq(s.-Sq) = 351.1 - 536.7 (0.4415) = 114.1 Btu/lbm 
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13.141 

A control mass of 10 Ibm butane gas initially at 180 F, 75 Ibf/in. , is compressed 
in a reversible isothermal process to one-fifth of its initial volume. What is the 
heat transfer in the process? 

Butane m = 10 Ibm, Tj = 180 F, Pj = 75 Ibf/in.^ 

Compressed, reversible T = const, to V, = V,/5 



640 

765.4 


= 0.836, P , 

’ rl 


75 

551 


0.136 => From D.l and D.3: 


0.92 


* 

(Sj-Sj) = 0.16 X 


26.58 

778 


= 0.0055 Btu/lbm R 



ZjRT^ 


P 


1 


0.92 X 26.58 x 640 
75 X 144 


= 1.449 ft^/lbm 


Vi = Vj/5 = 0.2898 ftMbm 


AtT=T =0.836 

r2 rl 

From D.l and D.3: P„ = 0.34 x 551 =187 Ibf/in.^ 

sat. liq.: Zp = 0.058 ; (s*-Sp) = R x 5.02 = 0.1715 Btu/lbm R 

sat. vap.: Zq = 0.765; (s*-Sq) = R x 0.49 = 0.0167 Btu/lbm R 

Therefore 


0.058 X 26.58 x 640 
187 x144 


0.0366; 



0.77 X 26.58 x 640 
187X 144 


0.4864 


V -V 
2 F 

Since ^ ^2 ^ ^ two-phase “ =0.563 

* * * 

(S2-S2) = (l-X2)(S2-Sp2) + X2(S2-S(32) 


= 0.437 X 0.1715 + 0.563 x 0.0167 = 0.0843 Btu/lbm R 


* * 


T- P, 25 SS 1 87 

(S 2 -S 1 ) = In“-Rln7r = 0- x In^T^ = -0.0312 Btu/lbm R 


po T 


1 


P 


1 


778 


75 


(s^-Sj) = -0.0843 - 0.0312 + 0.0055 = -0.110 Btu/lbm R 


= TmCs^-Sj) = 640xl0(-0.110) = -704 Btu 
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13.142 


A distributor of bottled propane, C 3 Hg, needs to bring propane from 630 R, 14.7 

Ibf/in. to saturated liquid at 520 R in a steady flow process. If this should be 
accomplished in a reversible setup given the surroundings at 540 R, find the ratio 
of the volume flow rates Vin/Vout, the heat transfer and the work involved in the 
process. 


R = 35.04/778 = 0.045 04 Btu/lbm R 



630 

665.6 


= 0.947 P . = 

ri 


14.7 

616 


0.024 


From D.l, D.2 and D.3 : Z. = 0.99 

’ 1 

(h; -h.) = 0.045 03 x 665.6 x 0.03 = 0.9 Btu/lbm 

(Sj'-Sj) = 0.045 04 X 0.02 = 0.0009 Btu/lbm R 
T =520/665.6 = 0.781, 

re ’ 

From D.l, D.2 and D.3 : 

P = = 0.21 , P = 0.21 X 616 = 129 Ibf/in.^ 

re e 

Z =0.035 

e 

(h*-h ) = 0.045 04 x 665.6 x 4.58 = 137.3 Btu/lbm 

Q 

(s^s ) = 0.045 04 X 5.72 = 0.2576 Btu/lbm R 

(h*-h*) = 0.407 (520 - 630) = -44.8 Btu/lbm 

* * 520 132 

(Sg-Sj) = 0.407 0.045 04 In -0.1770 Btu/lbm R 

(h -h.) = -137.3 - 44.8 + 0.9 = -181.2 Btu/lbm 

^ e r 

(s -s.) = -0.2576 - 0.1759 + 0.0009 = -0.4326 Btu/lbm R 

^ e r 



Z.T./P. 
1 1 1 

Z T /P 


e e e 


0.99 630 129 

0.035 "" 520 "" 14.7 


300.7 


w’’"'' = (fi-h^) -Tp(s.-s^) = 181.2 - 540(0.4326) = -52.4 Btu/lbm 
q''®'' = (h^-h.) + w''®'' = -181.2 - 52.4 = -233.6 Btu/lbm 
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Mixtures 


13.143 


A 4 Ibm mixture of 50% argon and 50% nitrogen by mole is in a tank at 300 psia, 
320 R. How large is the volume using a model of (a) ideal gas and (b) Kays 
rule with generalized eompressibility charts. 


a) Ideal gas mixture 

Eq.12.5: 


Mmix = Z yi ^ + 0.5 X 28.013 = 33.981 


V = 


mRT 4 x 1545.36 x 320 


33.981 x 300 x 144 


= 1.347 ft^ 


mix 


b) Kay’s rule Eq.13.86 

Pc mix ^ 0.5 X 706 + 0.5 X 492 = 599 psia 

Tc mix = 0-5 X 271.4 + 0.5 x 227.2 = 249.3 R 

300 320 

Reduced properties: Pj. = = 0.50, Tj. = 


249.3 


= 1.284 


Fig. D.l: Z = 0.92 

T3 

V = Z = 0.92 X 1 .347 = 1.24 ft^ 
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Review Problems 
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13.144 

A 7-ft rigid tank contains propane at 730 R, 500 Ibf/in. . A valve is opened, and 
propane flows out until half the initial mass has eseaped, at which point the valve 
is closed. During this process the mass remaining inside the tank expands 

aceording to the relation Pv^'^ = eonstant. Calculate the heat transfer to the tank 
during the process. 

C 3 Hg: V = 7.0ft^ Tj = 730R, = 500 Ihf/in.^ 





500 

^=0.812 


=> FromD.l: Zj = 0.76 



0.76 X 35.04 X 730 
500 X 144 


= 0.270 ft^/lhm, 


V 2 = 2Vj = 0.54 ft^/lhm 


mj = 7.0/0.270 = 25.92 Ihm, m^ = = 12.96 Ihm, 



500 

.1.4 


= 189.5 lhf/in.2 


Pr2 = 

P V 
2 2 


189.5 

616 


= 0.308 


= Z2RT2 


Trial & error: saturated with 

= 0.825 X 665.6 = 549.4 R & 

189.5 x 144 x 0.54 
^2 “ 35.04 X 549.4 “ 



+ ^2(^02 



0.764 = 0.052 + X2(0.78 - 0.052) => x^ = 0.978 

= 35.04 X 665.6 x 0.85 / 778 = 25.5 Btu/lhm 
(h 2 -hi) = 0.407 (549.4 - 730) = -73.4 Btu/lhm 


* * 35.04 X 665.6r ~\ 

{h2-h^) = (h2-hp2) - =-778-- 0.978(4.41 - 0.54)J = 18.7 

Energy Eq.: = m^h^ - m^h^ + (P^ - P 2 )V + m^h^ 

Eet hj = 0 then: h^ = 0 + (h^ - hj) = -25.5 Btu/lhm 

h 2 = hi + (h 2 - hi) + (h^ - h 2 ) = 0 - 73.4 - 18.7 = -92.1 Btu/lhm 
h^ ave ^ ^ ^ 2 ^^^ ^ -58.8 Btu/lhm 

12.96 (-92.1)-25.92(-25.5) + (500-189.5)x7.0x^+ 12.96(-58.8) 

=-892 Btu 
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13.145 


A newly developed eompound is being eonsidered for use as the working fluid in 
a small Rankine-cycle power plant driven by a supply of waste heat. Assume the 
cycle is ideal, with saturated vapor at 400 F entering the turbine and saturated 
liquid at 70 F exiting the condenser. The only properties known for this 
compound are molecular weight of 80 Ibm/lbmol, ideal gas heat capacity 

Cpo = 0.20 Btu/lbm R and Tc = 900 R, Pc = 750 Ibf/in.^. Calculate the work 
input, per Ibm, to the pump and the cycle thermal efficiency. 



Tj = 400 F = 860 R 

Xj = 1.0 

T 3 = 70 F = 530 R 

X3 = 0.0 

Properties known: 

M = 80, CpQ = 0.2 Btu/lbm R 

= 900 R, = 750 lbf/in.2 

860 530 

^ri “ 900 “ ^t3 ~ 900 “ 


From D. 1: P = 0.76, P, = 0.76 x 750 = 570 Ibf/in.^ = P, 

rl ’ 1 4 

P =0.025, P = 191bf/in.2 = P^, Z^= 0.0045 

To 0 Z rj 

0.0045 X 1545 x 530 . 

~ “ 19 X 144 X 80 ~ 0.0168 ft /Ibm 

i 144 

Wp = - / vdP « Vp 3 (P 4 -P 3 ) = -0.0168 (570 - 19) x — = -1.71 Btu/lbm 

3 

Oh + ^4 " ^1 ’ ^3 " ^4 + Oh = (hfhg) + Wp 

From D.2, 

(h^hj) = (1.9859/80) x 900 x 1.34 = 30.0 Btu/lbm 

(h 3 -h 3 ) = (1.9859/80) x 900 x 5.2 = 116.1 Btu/lbm 

(h^hj) = Cpq(Tj-T 3 ) = 0.2(400-70) = 66.0 Btu/lbm 
(hj-h 3 ) =-30.0+ 66.0+ 116.1 = 152.1 Btu/lbm 
9 ^ 3 = 152.1 +(-1.71)= 150.4 Btu/lbm 
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* 


* * 


* 


Turbine, (s 2 -Sj) = 0 = -(s 2 -S 2 )+(s 2 -Si)+(si-Sj) 
From D.3, 


* 


(sj-Sj) = (1.9859/80) X 1.06 = 0.0263 Btu/lbm R 


* * 


530 19 

(S 2 -S 1 ) = 0.20 In 7:777 - 0.024 82 In 777 = -0.0124 Btu/lbm R 


860 


570 


Substituting, 


(S 2 -S.,) = - 0.0124 + 0.0263 = 0.0139 = (S 2 -Sp 2 ) - 


2 FG2 


0.0139 = 0.024 82 x 8.77 - x 0.024 82 (8.77 - 0.075) 

=> X 2 = 0.9444 
* * 

(h-K) = (h2-hpJ - x,h 


2 FG2 


From D.2, 


hpg 2 = 0.024 82 X 900 (5.2 - 0.07) = 114.6 Btu/lbm 


* 


(h 2 -h 2 ) = 116.1 - 0.9444 x 114.6 = 7.9 Btu/lbm 
Wp = (hj-h^) = -30.0 + 66.0 + 7.9 = 43.9 Btu/lbm 


w 


NET 43.9 - 1.7 


0 


TH 


q 


= 0.281 


H 


150.4 
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Concept-Study Guide Problems 


14.1 

How many kmoles of air are needed to burn 1 kmol of earbon? 


Combustion Eq.; C + O 2 ^ 1 CO 2 

One kmol of O 2 is required to form CO 2 . Sinee air is 21 % O 2 , 
means 4.76 kmol of air. 



14.2 

If I bum 1 kmol of hydrogen H 2 with 6 kmol air what is A/F ratio on a mole basis 
and what is the pereent theoretieal air? 

Combustion Eq. stoiehiometrie: 

^2 +’^ 02(^2 + 3.76 N 2 ) ^ 1 H 2 O + 3 . 76 VQ 2 N 2 
V 02 = 0.5 ; (A/F)s = V 02 X (1 + 3.76) / 1 = 2.38 

Six kmol of air is: 1.26 O 2 + 4.74 N 2 . 

The A/F mole ratio is 6 , so the percent theoretical air is 

100 = 252 % 


%Theoretical air = 


(A/F) 


ac 


(A/F)s 


X 100 = 


14.3 

Why would I sometimes need A/F on a mole basis? on a mass basis? 

If you want to meter (measure) the fuel and air flows it can be done as a 

• - - 

volume flowrate which is proportional to moles (PV = hRT) in which case 
concentrations on a mole basis are needed. 

The fuel and air flows can also be measured with a method that measures 
mass flow rate m or if you are fdling up tanks to store the fuel and oxidicer as in a 
rocket in both cases the concentrations on a mass basis are needed. 
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14,4 

Why is there no signifieant differenee between the number of moles of reaetants 
versus produets in eombustion of hydrocarbon fuels with air? 

In most hydrocarbon fuels, there are approximately twice as many hydrogen 
atoms as carbon atoms, so the numbers of moles of CO 2 and H 2 O in the products 

are roughly equal, the total of which is not too different from the O 2 required in 

the reactants. The number of excess O 2 is the same in reactants and products. 

The total number of moles is dominated by the N 2 in each, especially with excess 

air. 


14.5 

For the 110% theoretical air in Eq.14.8 what is the equivalence ratio? Is that 
mixture rich or lean? 


110% Theoretical air means also AF = 1.1 AF§ 


so from the definition in Eq.14.6 




0.909 


a lean mixture 


14.6 

Why are products measured on a dry basis? 

Combustion products have traditionally been measured by passing the gas 
mixture through a series of solutions that selectively absorb the components one- 
by-one and measuring the resulting gas volume decreases. The water component 
is condensed out in these processes, leaving the others - that is, a dry basis. Other 
and newer instruments measure the concentrations by optical means and these are 
sensitive to moisture content, which can corrode the surfaces and destroy the 
sensors. If the water stays in the mixture it typically have to stay hot to prevent 
condensation at undesirable locations where that would alter the concentrations of 
the remaining gas mixture components. 
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14.7 

What is the dew point of hydrogen burned with stoiehiometrie pure oxygen? air? 
For H 2 burned with pure oxygen 

H 2 + 0.5 O 2 ^ 1 H 2 O 

with the only produet as water, so the dew-point at 100 kPa pressure is 99,6°C. 
For H 2 burned with stoiehiometrie air 

^ IH2O+I.88N2 

the product mixture is water and nitrogen. The partial pressure of the water at a 
pressure of 100 kPa is 

Py = Ptot yv = 100 X ^ 

corresponding to a dew-point of 72.3°C . 

14.8 

How does the dew point change as equivalence ratio goes from 0.9 to 1 to 1.1? 

For a given amount of water in the products, the smaller the total number 
of moles of other gases is (as O increases), the higher the partial pressure of the 
water and therefore the dew-point temperature. As O becomes greater than 1.0, 
there will be incomplete combustion, and the resulting composition will be 
affected to have some unburned fuel and therefore relative less water. The relative 
maximum amount of water is then at a stoichiometric mixture 0=1 and this is 
also maximum dew point temperature. 

14.9 

In most cases combustion products are exhausted above the dew point. Why? 

If any water in the products condenses, it will be acidic due to the other gases in 
the products. There are always minute amounts of unbumed or partially burned 
fuel and intermediate species in the products that can combine with water and 
create a very corrosive mixture. 


H2 + O.5 (O2 + 3.76 N2) 
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14.10 

Why does combustion contribute to global warming? 

Any combustion of a hydrocarbon fuel produces carbon dioxide, which in the 
atmosphere is a contributing factor to global warming. Carbon dioxide absorbs 
radiation over a wide spectrum and thus heats the atmosphere. This is not just 
man-made, but nature has forest fires and volcanic action that liberates gases into 
the atmosphere. 

14.11 

What is the enthalpy of formation for oxygen as O 2 ? If O? For CO 2 ? 

The enthalpy of formation of O 2 is zero, by choice of the reference base. 
Relative to this base, the value for the monatomic form O is 

iifQ = +249 170 kJ/kmol (Table A.9), 
and the value for CO 2 is 

hfco 2 ^ “393 522 kJ/kmol (Table A.9 or A. 10). 

14.12 

How is a fuel enthalpy of combustion connected to its enthalpy of formation? 

The enthalpy of combustion of a fuel is the difference in enthalpy of the products 
and reactants for the combustion involving the fuel, these enthalpies include the 
various enthalpies of formation. 
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14.13 

What is the higher and lower heating value HHV, LHV of n-Butane? 

The heating value is the negative of the enthalpy of combustion. From 
Table 14.3, the HHV of gaseous n-Butane at 25°C is 

HHV = 49 500 kJ/kg, 

and the corresponding LHV is 

LHV = 45 714 kJ/kg. 

Notice the table is on a mass basis (per kg fuel). 
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14.14 

What is the value of hfg for n-Oetane? 


This ean be obtained from two places. From Table A. 10 we get 

hfg = (h?vap - hJiiq )! M = [(-208 600 - (-250 105)] / 114.232 = 363 kJ/kg 


The hfg of a fuel listed in Table 14.3 is the difference between the first two 
columns in the table (or the third and fourth). For n-Octane, this value is 

hfg = -47 893 - (-48 256) = 363 kJ/kg 
To see this remember 



o o o - Q 

= Hp - = Hp - hf pj. yq 


so when we take the difference between fuel as gas or liquid all other terms will 
cancel out leaving hfg for the fuel. 


14.15 

Why do some fuels not have entries for liquid fuel in Table 14.3? 

Those fuels cannot exist as liquids at 25°C (above their critical temperature). 


14.16 

Does it make a difference for the enthalpy of combustion whether I burn with 
pure oxygen or air? What about the adiabatic flame temperature? 

No difference in the enthalpy of combustion - the nitrogen in the air is the same 
in the reactants and products, and its enthalpy cancels out. The adiabatic flame 
temperature is much lower for combustion with air, because a significant part of 
the energy release from the combustion goes into heating the nitrogen (as well as 
the other products) to the flame temperature. 



Sonntag, Borgnakke and van Wylen 


14.17 

What happens to the adiabatie flame temperature if I bum rieh or lean? 

The higher the pereent theoretieal air used in eombustion (the leaner), the larger 
the number of moles of produets, espeeially nitrogen, whieh deereases the 
adiabatie flame temperature. Burning rieh eauses ineomplete eombustion, 
however, with a smaller release of energy. 

Experimentally the highest temperature is reaehed for slightly rieh. 


Heavy moleeules 
show up as yellow. 
Oxygen diffuses in 
from the air and the 
fuel evaporates 
from the wiek. As 
air mixes in, the 
flame eools. 


14.18 

Is the irreversibility in a eombustion process significant? Why is that? 

A combustion process is highly irreversible with a large increase in entropy. It 
takes place at a rapid rate, due to large driving forces, and results in stable 
products of combustion that have little or no tendency to return to their former 
constituents and states. 

14.19 

If the A/F ratio is larger than stoichiometric is it more or less reversible? 

Less reversible more irreversible. The excess oxydizer (air) is being heated up, Q 
over a finite temperature difference is an irreversible process. The same is tme for 
A/F smaller than one where the excess fuel is heated up. 



See the different colors of 
the flame? They reflect the 
different temperatures. 
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14.20 

What makes the fuel eell attraetive from a power generating point of view? 


Fuel eells are attraetive for power generation beeause their direet output is 
eleotrieal energy. They also have a mueh higher power density as power per unit 
volume or power per unit mass and thus ean be used in mobile applieations. 



o 


02 


hode Catalyst 
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Fuels and the Combustion Process 

14.21 

Calculate the theoretical air-fuel ratio on a mass and mole basis for the 
eombustion of ethanol, C 2 H 5 OH. 

ReaetionEq.; C 2 H 5 OH + vq 2(02 + 3.76N2) ^ aCO 2 + bH 20 + 0 N 2 
Balanee C: 2 = a Balanee H: 6 = 2b ^ b = 3 

Balanee O: 1 + 2 vq 2 = 2a + b = 4 + 3 = 7 ^ V 02 = 3 

(air/fuel)jjiol = Vo 2 (l + 3.76)/l = 3 x 4.76 = 14.28 

(air/fuel)inass = (’^ 02^02 + ’^N 2 MN 2 )/Mpuei 

= (3x31.999 + 11.28x28.013)/46.069 = 8.943 
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14.22 

A certain fuel oil has the composition CioH 22 - If this fuel is burned with 150% 
theoretieal air, what is the eomposition of the products of combustion? 

^ 10^22 + ^02 ^^2 + 3.76 N^) ^ aH^O + b CO 2 + c + d 

Stoichiometric combustion: (j) = 1, d = 0, 

C balance: b = 10 
H balanee: a = 22/2 =11, 

O balanee: 2v„ = a + 2b = 11 + 20 = 31 => v„-=15.5 

02 02 

Aetual ease: l/(t) = 1.5 => = 1-5 x 15.5 = 23.25 

H balance: a = 11, C balanee: b = 10, 

N balanee: e = 23.25 x 3.76 = 87.42 

O 2 balanee: d = 23.25 - 10 - 11/2 = 7.75 (exeess oxygen) 



Sonntag, Borgnakke and van Wylen 


14.23 

Methane is burned with 200% theoretical air. Find the composition and the dew 
point of the products. 


The reaction equation for stoichiometric mixture is: 

CH4 + Vq2(02 + 3.76N2) ^ aH20 + bC02 + cN2 

C balance: 1 = b ; H balance: 4 = 2a 

O balance: 2 = a +2b = 2 + 2x1 => = 2 

N 2 balance: 3.76 = c = 7.52 

200% theoretical air: = 2x2 = 4 so now more O 2 and N 2 

CH4 + Vq2(02 + 3.76N2) ^ aH20 + bC02 + cN2 + d02 
N 2 balance: 3.76 = c = 15.04 

Extra oxygen: d = 4- l- l= 2 

Products: 2 H 2 O + 1 CO 2 + 15.04 N 2 + 2 O 2 


Water vapor mole fraction: 


2 

1 + 2 + 2 + 15.04 


0.0998 


Partial water vapor pressure: Py = yy Pq = 0.0998 x 101 = 9.98 kPa 

Pg(Tdew) = Pv = 9.98 kPa ^ Tdew = 45.8«C 
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14.24 

In a combustion process with decane, C 10 H 22 , and air, the dry produet mole 
fraetions are 83.61% N 2 , 4.91% O 2 , 10.56% CO 2 and 0.92% CO. Find the 
equivalenee ratio and the percent theoretieal air of the reaetants. 


X + (l/(^) (O. + 3.76 nJ ^ a H.O + b CO, + e CO + d N. + e O 


10 22 


02 


Stoichiometrie eombustion: (t)=l, e = 0, e = 0. 


C balanee: 
H balanee: 


b = lOx 

a = 22x/2 = 1 lx. 


O balanee: 


2v„ = a + 2b = 1 lx + 20x = 31x 

02 



V 02 = 15.5x, v ^2 = ^ (A/F)^ = (Vq 2 + = 73.78 

Aetual eombustion: d= 83.61 

N balanee: (l/(t))vQ 2 x 3.76 = 83.61 v= 22.2A 


C balanee: lOx = 10.56 + 0.92 = 11.48 ^ x= 1.148 


(A/F)^^ = (l/(^) Vq2 X 4.76/1.148 = 92.215 

(^ = (F/A) /(F/A) =(A/F) /(A/F) =73.78/92.215 = 0.80 or (^ = 0.8 

^ 3C ^ S ^ S ^ 3C 

Pereent theoretieal air = 100 (l/cj)) = 125% 
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14.25 


Natural gas B from Table 14.2 is burned with 20% exeess air. Determine the 
eomposition of the produets. 


The reaetion equation (stoiehiometrie and eomplete eombustion) with the 
fuel eomposition is: 



+ Vq2 (O 2 + 3.76 N 2 ) ^ aH 2 O + b CO 2 + e N 2 


C balanee: 60.1 + 2x14.8 + 3x13.4 + 4x4.2 = b = 146.7 

Hbalanee: 4x60.1 + 6x14.8 + 8x13.4 + 10x4.2 = 2a = 478.4 ^a = 239.2 

O balanee: 2 = a + 2b = 239.2 + 2x 146.7 ^ = 266.3 

N 2 balanee: 7.5 + 3.76 = c = 1008.8 

20% exeess air: = 1.2x266.3 = 319.56 so now more O 2 and N 2 

Extra oxygen: d = 319.56 - 266.3 = 53.26, e = 7.5 + 3.76x319.56 = 1209 
Produets: 239.2 H 2 O + 146.7 CO 2 + 1209 N 2 + 53.26 O 2 


To the expert the eolor of the flame ean 
tell about the eomposition. It ean also 
tell about other gases present if they 
have distinet eolor emission. 
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14.26 

A Pennsylvania coal contains 1^2% C, 5.1% H, 6.7% O, (dry basis, mass 
percent) plus ash and small percentages of N and S. This coal is fed into a gasifier 
along with oxygen and steam, as shown in Fig. P14.26. The exiting product gas 
composition is measured on a mole basis to: 39.9% CO, 30.8% Fl 2 > 11.4% CO 2 , 

16.4% Fi 20 plus small percentages of CH 4 , N 2 , and Fi 2 S. Flow many kilograms of 

coal are required to produce 100 kmol of product gas? Flow much oxygen and 
steam are required? 

Convert the mass concentrations to number of kmol per 100 kg coal: 

C: n = 74.2/12.01 = 6.178 H 2 : n = 5.1/2.016 = 2.530 

O 2 : n = 6.7/31.999 = 0.209 

Now the combustion equation reads 

x(6.178 C + 2.53 + 0.209 O^) + y H^O + z in and 

39.9 CO + 30.8 H 2 + 11.4 CO 2 + 16.4 H 2 O out 

in 100 kmol of mix out 

Now we can do the atom balance to find (x, y, z) 

C balance: 6.178 x = 39.9 + 11.4 x = 8.304 
H 2 balance: 2.53x8.304 + y = 30.8 + 16.4 y = 26.191 

26 191 39 9 16 4 

O 2 balance: 0.209 x 8.304 + —^— + z = ^~+11.4 + ^^ ^z = 24.719 

Therefore, for 100 km ol of mixture out 

require: 830.4 kg of coal 

26.191 kmol of steam 
24.719 kmol of oxygen 
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14.27 

Repeat Problem 14.26 for a eertain Utah eoal that eontains, aeeording to the eoal 
analysis, 68.2% C, 4.8% H, 15.7% O on a mass basis. The exiting produet gas 
eontains 30.9% CO, 26.7% H 2 , 15.9% CO 2 and 25.7% H 2 O on a mole basis. 

Convert the mass eoneentrations to number of kmol per 100 kg eoal: 

C: 68.2/12.01 =5.679 H 2 : 4.8/2.016 = 2.381 

O 2 : 15.7/32.00 = 0.491 

Now the eombustion equation reads 

x(5.679 C + 2.381 H 2 + 0.491 O 2 ) + yH 2 O + z O 2 in 

30.9 CO + 26.7 H 2 + 15.9 CO 2 +25.7 H 2 O out 

in 100 kmol of mix out 

Now we ean do the atom balanee to find (x, y, z) 

C: 5.679x = 30.9 + 15.9 ^ x = 8.241 

H 2 : 2.381 X 8.241 +y = 26.7+ 25.7 ^ y = 32.778 

__ 32.778 , 30.9 , 25.7 

O 2 '. 0.491 x 8.241 + 2 +z— +15.9+ 

^ z = 23.765 

Therefore, for 100 kmol of mixture out, 

require: 824,1 kg of eoal 

32.778 kmol of steam 
23.765 kmol of oxygen 
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14.28 

For complete stoichiometric combustion of gasoline, C 7 H 17 , determine the fuel 

moleeular weight, the eombustion produets, and the mass of carbon dioxide 
produced per kg of fuel burned. 


Stoichiometric combustion: 


C 7 H 17 

+ % 

balance: 

7 = b 

balanee: 

17 = 2a, 

balanee: 

2 v = 

02 

balanee: 

c = 3.76 


a H^O + b CO 2 + c 


a = 8.5 


=11.25 

02 


02 


MpuEL = 7Mc+17 Mh = 7 X 12.011 + 17 X 1.008 = 101.213 


t^C02 ^ M(7Q2 

I^FUEL MpugL 


7x44.01 

101.213 


= 3.044 kg CO 2 per kg fuel 
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14.29 

A sample of pine bark has the following ultimate analysis on a dry basis, pereent 
by mass: 5.6% H, 53.4% C, 0.1% S, 0.1% N, 37.9% O and 2.9% ash. This bark 
will be used as a fuel by burning it with 100% theoretieal air in a furnaee. 
Determine the air-fuel ratio on a mass basis. 

Converting the Bark Analysis from a mass basis: 


Substanee 

S 

H 2 

C O 2 

N 2 

o/M = 

0.1/32 

5.6/2 

53.4/12 37.9/32 

0.1/28 

kmol /100 kg eoal 

0.003 

2.80 

4.45 1.184 

0.004 

Produet 

SO 2 

H 2 O 

CO 2 


oxygen required 

0.003 

1.40 

4.45 

-- 

Combustion requires: 

0.003 + 1.40 + 4.45 

= 5.853 kmol O 2 there is in the 

bark 1.184 kmol O 2 so 

the net from air is 

4.669 kmol O 2 


AF = (4.669+ 4.669 x 3.76) 

28.97 
"" 100 

. ,, kg air 

6.44 —r 

kg bark 







Sonntag, Borgnakke and van Wylen 


14.30 


Liquid propane is burned with dry air. A volumetrie analysis of the produets of 
eombustion yields the following volume pereent eomposition on a dry basis: 8 . 6 % 
CO 2 , 0.6% CO, 7.2% O 2 and 83.6% N 2 . Determine the pereent of theoretieal air 

used in this eombustion proeess. 

aC 3 Hg + b O 2 + e^ 8.6 CO^ + 0.6 CO + dH^O + 7.2 O^ + 83.6 


C balanee: 
balanee: 

balanee: 


3a = 8 . 6 + 0.6 = 9.2 ^a = 3.067 
4a = d^d = 12.267 

e = 83.6 


O 2 balanee: 
Air-Fuel ratio 


b — 8.6 2 ^ 


22.234 + 83.6 
3.067 


12.267 ,, ,,, 

— + 7.2 = 22.234 

= 34.51 


Theoretieal: 


C3Hg + 5 02+ I8.8N2 


3CO2 + 4H2O+ I8.8N2 


theo. A-F ratio =--= 23.8 


34.51 

% theoretieal air = 23 g x 100 % = 145 % 
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14.31 

A fuel, C^Hy, is burned with dry air and the produet eomposition is measured on a 
dry mole basis to be: 9.6% CO 2 , 7.3% O 2 and 83.1% N 2 . Find the fuel 
eomposition (x/y) and the percent theoretical air used. 


Vp C^FIv + v„ O- + 3.76v„ N, 9.6 CO, + 7.3 O, + 83.1 N, + v„ r,H,0 

Fu ^ y O 2 2 O 2 2 2 2 2 H 2 O 2 


N, balance: 3.76v„ =83.1 
2 02 


= 22.101 

02 


O, balance: v„ = 9.6 + 7.3 + y v„ „ ^ v„ „ = 10.402 

2 O2 ^ H2O H2O 

H balance: y = 2 = 20.804 


H20 


C balance: x = 9.6 

Fu 

Fuel composition ratio = x/y = 9.6/20.804 = 0.461 


'^02 AC 

Theoretical air =-100 = 

'^02Stoich 


22.101 

9.6+ yx 29.804 


100 = 149.3% 
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14.32 

For the combustion of methane 150% theoretical air is used at 25°C, 100 kPa and 
relative humidity of 70%. Find the composition and dew point of the products. 


The reaction equation for stoichiometric mixture is: 


CH4 + VQ 2 (O2 + 3.76N2) 


2H2O+ ICO2 + 3.76 VQ2N2 


C balance: v__ = 1, H balance: = N 2 balance: v^^ = 3J6v 


C02 


H20 


O balance: 2 + 2 Vco 2 = 2 + 2 x 1 => = 2 


150% theoretical air: = 1.5 x 2 = 3 so now more O 2 and N 2 


CH4 + 3 (O2 + 3.76 N2) 


2 H 2 O+ ICO 2 + 11.28 N 2 + 1 O 2 


Add water to the dry air from Eq. 12.28 


w = 0.622 


(^P 


Plot ■ 


^ = 0.622 


0.7 X 3.169 


100-0.7 X 3.169 


= 0.0141 


So the number of moles to add is from Eq.14.9 

X = 7.655 w = 7.655 x 0.0141 = 0.108 
and the added number of moles is v„, x = 0.324, the products are then 


02 


Products: 


2.324 H 2 O + 1 CO 2 + 11.28 N 2 + 1 O 2 


The water partial pressure becomes 


2.324 

ky-Yv ^tot-2.324+ 1 + 11.28+1 


02 


100 = 14.894 kPa 


Tdew = 53.8"C 
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14.33 

Many coals from the western United States have a high moisture eontent. 

Consider the following sample of Wyoming eoal, for whieh the ultimate analysis 

on an as-reeeived basis is, by mass: 

Component Moisture H C S N O Ash 

%mass 28.9 3.5 48.6 0.5 0.7 12.0 5.8 

This eoal is burned in the steam generator of a large power plant with 
150% theoretieal air. Determine the air-fuel ratio on a mass basis. 

Converting from mass analysis: 


Substanee 

S 

H 2 

C 

O 2 

N 2 

o/M = 

0.5/32 

3.5/2 

4.86/12 

12/32 

0.7/28 

kmol /100 kg eoal 

0.0156 

1.75 

4.05 

0.375 

0.025 

Produet 

SO 2 

H 2 O 

CO 2 



oxygen required 

0.0156 

0.875 

4.05 




Combustion requires then oxygen as: 0.0156 + 0.875 + 4.05 = 4.9406 
The eoal does inelude 0.375 O 2 so only 4.5656 O 2 from air/100 kg eoal 

AF = 1.5 X (4.5656 + 4.5656 x 3.76) x 28.97/100 = 9,444 kg air/kg coal 
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14.34 

Pentane is burned with 120% theoretieal air in a eonstant pressure proeess at 100 
kPa. The produets are eooled to ambient temperature, 20°C. How mueh mass of 
water is eondensed per kilogram of fuel? Repeat the answer, assuming that the air 
used in the eombustion has a relative humidity of 90%. 


C5H12+ 1.2 X 8 (02 + 3.76N2)^ 5CO2 + 6H2O + O.96O2 + 36.IN2 


Produets eooled to 20°C, 100 kPa, so for H 2 O at 20°C: P„ = 2.339 kPa 


yH20 MAX “ Pg/P ~ 


2.339 


%20 MAX 


100 nH2o MAX + 42.06 


%20 MAX ~ 1 -002 < nH20 


Therefore, n^^^o vap ^ ^ ’^H20 liq ^ ^ 


m 


H20 LIQ 


4.993 X 18.015 
72.151 


= 1.247 kg/kg fuel 


P^i = 0.9 x 2.339 = 2.105 kPa 


2.105 


Wj = 0.622 X 9y g95 = 0.013375 


H20IN ^ 0.013375 X X (9.6 + 36.1) = 0.983 kmol 


28.97 


%20 OUT ^ 0.983 + 6 = 6.983 


%20 LIQ ^ 6.983 - 1.007 = 5.976 kmol 


H20 LIQ 


5.976 X 18.015 
72.151 


= 1.492 kg/kg fuel 
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14.35 


The coal gasifier in an integrated gasification combined cycle (IGCC) power 
plant produces a gas mixture with the following volumetric percent composition: 


Product 

CH 4 

H 2 

CO 

CO 2 

N 2 

H 2 O 

H 2 S NH 3 

% vol. 

0.3 

29.6 

41.0 

10.0 

0.8 

17.0 

1.1 0.2 


This gas is cooled to 40°C, 3 MPa, and the H 2 S and NH 3 are removed in 

water scrubbers. Assuming that the resulting mixture, which is sent to the 
combustors, is saturated with water, determine the mixture composition and the 
theoretical air-fuel ratio in the combustors. 


CH 

0.3 


H2 

29.6 


CO 

41.0 


CO, 

10.0 


N 2 

0.8 


n 


81.7 


n 


V 


Ttno ^ j_Qi -T’ where n.^ = number of moles of water vapor 


H20 n^+81.7’ 


Coolto40°C Pq = 7.384, P = 3000kPa 


y 


_ 7.384 

H20 MAX ~ 3000 


n 


V 


n.y+81.7 


n.^ = 0.2016 


a) Mixture composition: 


CH4 

0.3 kmol 


H 2 

29.6 


CO 

41.0 


CO2 

10.0 


N 2 

0.8 


H20(v) 

0.2016 


81.9016 kmol (from 100 kmol of the original gas mixture) 


0.3 CH 4 + 0.6 O 2 

29.6 H 2 + 14.8 O 2 

41 CO+ 20.5 O, 


0.3 CO 2 + 0.6 H 2 O 
29.6 H 2 O 
41 CO, 


Number of moles of O 2 = 0.6 + 14.8 + 20.5 = 35.9 
Number of moles of air = 35.9 + 3.76 x 35.9 (N 2 ) 


A/F = 


28.97(35.9 + 3.76(35.9)) 


0.3(16) + 29.6(2) + 41(28) + 10(44) + 0.8(28) + 0.2016(18) 


= 2,95 kg air/kg fuel 
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14.36 


The hot exhaust gas from an internal eombustion engine is analyzed and found to 
have the following pereent eomposition on a volumetrie basis at the engine 
exhaust manifold. 10% CO 2 , 2% CO, 13% H 2 O, 3% O 2 and 72% N 2 . This gas is 

fed to an exhaust gas reaetor and mixed with a eertain amount of air to eliminate 
the earbon monoxide, as shown in Fig. P14.36. It has been determined that a mole 
fraetion of 10% oxygen in the mixture at state 3 will ensure that no CO remains. 
What must the ratio of flows be entering the reaetor? 


Exhaust gas at state 1: CO 2 10 %, FI 2 O 13%, 

CO 2%, O 2 3%, N 2 72% 

Exhaust gas at state 3: CO = 0 %, O 2 = 10 % 


1 Exh. gas 



2Air 



Reaetion equation for the earbon monoxide 


0.02 CO + X O 2 + 3.76x N 2 ^ 0.02 CO 2 + (x-0.01) O 2 + 3.76xN2 


At 3: 


= 0.10 + 0.02 = 0 . 12 , 

CO2 

= (x-0.01) + 0.03 = X + 0.02 


Vh2o = 0-13 
V.. =0.72 + 3.76x 

N 2 


or 


n.pQ.j, — 0.12 + 0.13 + X + 0.02 + 0.72 + 3.76x 


= 0.99 + 4.76x 


yo 2 = 0.10 = 


X + 0.02 

0.99 + 4.76x 


X = 0.151 


or 


^^^2 4.76x kmol air 

= —;—=0.718 


Exh. Gas 1 


kmol Exh. gas 




1 
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14.37 


Butane is burned with dry air at 40°C, 100 kPa with AF = 26 on a mass basis. For 
complete combustion find the equivalence ratio, % theoretical air and the dew 
point of the products. How much water (kg/kg fuel) is condensed out, if any, 
when the products are cooled down to ambient temperature? 

Solution; 

+ v„ {O, + 3.76 N,} ^ 4 CO, + 5 H,0 + 3.76 v„ N, 

4 10 02^ 2 2 ’ 2 2 O 2 2 

Stoichiometric v„ ^ = 4+ 5/2 = 6.5; 3.76 v„ =24.44 

O2 S ’ O2 

(A/F). = 6.5(31.999 + 3.76 x 28.013)758.124 = 15.3574 


Actual: 


(A/F)ac _ 26 

%ac~ (A/F), 15.3574 


6.5 = 11 


% Theoretical air = 


26 


15.3574 


100 = 169.3% 


Equivalence ratio O = 1/1.693 = 0.59 


Actual products: 


4 CO 2 + 5 H 2 O + 4.5 O 2 + 41.36 N 2 


The water partial pressure becomes 


5 


Py Yv Plot 4 + 5 + 4_5 + 


41.36 


100 = 9.114kPa 


Tde^ = 43.85«C 


Pg 40 ^ 7.348 kPa 


Yv 


max 


7.384 _ VH20 _ 

100 ~4 + Vh20 +4.5+41.36 


Solve for Vh20 


vap- 


’VH20 


vap 


3.975 still vapor. 


Vh20 LIQ ^ 5 - 3.975 = 1.025 is liquid 


inH20LIQ 1.025 x 18.015 


^Fuel 


58.124 


= 0.318 
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14.38 

Methanol, CH^OH, is burned with 200% theoretieal air in an engine and the 

products are brought to 100 kPa, 30°C. How much water is condensed per 
kilogram of fuel? 


CH^OH + {O^ + 3.76 NH ^ CO^ + 2 H,0 + 3.76 

3 02 '- 2 2 ’ 2 2 02 2 

Stoichiometric v„ „=1.5 ^ v„ .„ = 3 

O2 S O2 AC 


Actual products: CO 2 + 2 H 2 O + 1.5 O 2 + 11.28 N 2 
P,at(30°C) = 4.246 kPa 


'^H20 

yH20 = 0-04246 = ^ ^ +1.5 + 11.28 


’^H20 “ 0.611 


AM 


Mpu = 32.042 


M 


^'^H20cond “ ^ - 0.611 - 1.389 


H20 1.389 x 18 kgH20 

-=0.781 


Fu 


32.042 


kg fuel 


Sonntag, Borgnakke and van Wylen 


14.39 

The output gas mixture of a eertain air-blown eoal gasifier has the eomposition of 
producer gas as listed in Table 14.2. Consider the combustion of this gas with 
120% theoretical air at 100 kPa pressure. Determine the dew point of the products 
and find how many kilograms of water will be condensed per kilogram of fuel if 
the products are cooled 10°C below the dew-point temperature. 


{3 CH^ + 14 + 50.9 + 0.6 + 27 CO + 4.5 CO^} 

+ 31.1 O 2 + 116.934.5 CO^ + 2 OH 2 O + 5.2 0^+ 167.8 
Products: 


_ 20 _ 

yH20“yH20MAx“^G'^^^^ “ 34.5 + 20 + 5.2 + 167.8 


P^ = 8.79 kPa 

u 


AtT = 33.2°C,P^ = 5.13kPa 


T =43 2°r 

DEWPT 


y 


_ 5.13 

H20~ 100 


n 


H20 


i1h2o~*~34.5+5.2+167.8 


’^H20 ^ ^ 


m 


8.78(18) 


H20 LIQ 3(16) +14(2) +50.9(28) +0.6(32) +27(28) +4.5(44) 


= 0.0639 kg/kg fuel 
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14.40 

In an engine liquid oetane and ethanol, mole ration 9:1, and stoichiometric air are 
taken in at 298 K, 100 kPa. After complete combustion, the products run out of 

the exhaust system where they are cooled to 10°C. Find the dew point of the 
products and the mass of water condensed per kilogram of fuel mixture. 


Reaction equation with 0.9 octane and 0.1 ethanol is 


0.9CgHjg + 0.1 C 2 H 5 OH+ 11.55 O 2 +43.428 


8.4 H 2 O + 7.4 CO 2 + 43.428 N 2 


8.4 


y 


H 20 8.4 + 7.4 + 43.428 


= 0.1418 


P„ n ^ Yh t ^ 14,3 kPa 

H2O H2O tot 


T. =52.9°C 

dew 


10 °C ^ P„ „ = 1.2276 

H 2 O 


X = 0.6317 


yH20 0-012276 x +7.4+ 43.428 


A = 7 77 kmol 
^^^1120 ~ ' kmol Fu mix 


-Av„ „ X 18.015 

H2O _^ kmol 

”^H 20 cond 107.414 


107.414 


kmol Fu mix 
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Energy Equation, Enthalpy of Formation 
14.41 


A rigid vessel initially eontains 2 kmol of earbon and 2 kmol of oxygen at 25 °C, 
200 kPa. Combustion oeeurs, and the resulting produets eonsist of 1 kmol of 
carbon dioxide, 1 kmol of carbon monoxide, and excess oxygen at a temperature 
of 1000 K. Determine the final pressure in the vessel and the heat transfer from 
the vessel during the process. 

2C + 2 0, ^ 1C0,+ICO + xO, 


Process V = constant. 


C: solid. 


^ 1 (GAS) 



^2(GAS) 





njTi 


= 200 X 


2,5 X 1000 
2 X 298.2 


= 838.4 kPa 


Hi = 0 

H2 = l(-393 522 + 33 397) + 1(-110 527 + 21 686) 

+ (l/2)(0 + 22 703) = -437 615 kJ 

1Q2 = (U2 - Ui) = (H^ - Hj) - n^RT^ + n^RT^ 

= (-437 615 - 0) - 8.3145(2.5 x 1000 - 2 x 298.2) = -453 442 kJ 
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14,42 

In a test of rocket propellant performance, liquid hydrazine (N 2 H 4 ) at 100 kPa, 

25°C, and oxygen gas at 100 kPa, 25°C, are fed to a combustion chamber in the 
ratio of 0.5 kg 02 /kg N 2 H 4 . The heat transfer from the chamber to the 

surroundings is estimated to be 100 kJ/kg N 2 H 4 . Determine the temperature of the 

products exiting the chamber. Assume that only H 2 O, H 2 , and N 2 are present. The 

enthalpy of formation of liquid hydrazine is +50 417 kJ/kmol. 


1 


Liq.N^H^: 100kPa,25T 
Gas O^: 100kPa,25T 



Comb. 

h- 

Chamber 



2 


Products 


^ 02 ^^N 2 H 4 Q^^N 2 H 4 "lOO kJ/kg 

Energy Eq.; ^ ‘ ^ -100 ^ 32.045 = -3205 kJ/kmol fuel 

Combustion eq.: 1 2 ^2 ^ ^ 2 ^ ^ ^2 ^ ^2 

Hj^ = 1(50417) +1(0) = 50417 kJ 

Hp = -241 826 + Ah „20 + ^V + ^\2 

Energy Eq. now reads 

Hp = Hr + Qcv = K+ AHp 

AHp = Ahjj 2 Q + Ahj ^2 + ^ '^P Qcv 

= 241 826 + 50 417 - 3205 = 289 038 kJ/kmol fuel 
Table A. 9 : Guess T and read for water, hydrogen and nitrogen 
2800 K: AHp = 115 463 + 81 355 + 85 323 = 282 141 too low 

3000 K: AHp = 126 548 + 88 725 + 92 715 = 307 988 too high 

Interpolate to get Tp = 2854 K 
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14.43 

The combustion of heptane C 7 H 15 takes place in a steady flow burner where fuel 

and air are added as gases at P^, T^. The mixture has 125% theoretical air and the 

products are going through a heat exchanger where they are cooled to 600 K.Find 
the heat transfer from the heat exchanger per kmol of heptane burned. 

The reaction equation for stoichiometric ratio is: 

CyHjg + vq2 (O 2 + 3.76 N 2 ) => 7 CO 2 + 8 H 2 O + vq2 X 3.76 N 2 

So the balance (C and H was done in equation) of oxygen gives V 02 = 7 + 4 = 
11, and actual one is 11x1.25 = 13.75. Now the actual reaction equation is: 

C 7 H 16 + 13.75 O 2 +51.7N 2 => 7 CO 2 + 8 H 2 O + 5 I. 7 N 2 + 2.75 O 2 

To And the heat transfer take control volume as combustion chamber and heat 
exchanger 

Hr + Q = Hp => Q = Hp + AHp - H° 

Take the enthalpies from Tables A.9 for products and A. 10 for fuel 
Q = 7(-393 522 + 12 906) + 8 (-241 826 + 10 499) + 51.7(8894) 

+ 2.75(9245) -(-187 900) 

= - 3 841 784 kJ/kmol fuel 
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14.44 

Butane gas and 200% theoretical air, both at 25°C, enter a steady flow combustor. 
The products of combustion exits at 1000 K. Calculate the heat transfer from the 
combustor per kmol of butane burned. 

C4 Hjq + (1/^)Vq2(02 + 3.76N2) ^ aC02 + bH20 + cN2 + d02 

First we need to find the stoichiometric air((j)=l, d = 0) 

C balance: 4 = a, FI balance: 10 = 2b => b = 5 

O balance: 2 Vq2 = 2a + b = 8 + 5 = 13 => Vq 2 = 6.5 

Now we can do the actual air: {\l^) = 2 => = 2x6.5 = 12 

N balance: c = 3.76 Vq 2 = 48.88, O balance: d= 13-6.5 = 6.5 

Energy Eq.: q = - FIp = FI^ ■ Hp - AFlp 

Table A. 10: H° = -126 200 + 0 + 0 = -126 200 kJ/kmol fuel 

Hp = 4 (-393 522) + 5(-241 826) + 0 + 0 = -2 783 218 kJ/kmol fuel 

The rest of the values are from Table A. 9 at 1000 K 
Ahco 2 = 33397, AhN 2 = 21463, Aho 2 = 22703, AhH 20 = 26000 kJ/kmol 
AHp = 4 X 33 397 + 5 X 26 000 + 48.88 x 21 463 + 6.5 x 22 703 
= 1 460 269 kJ/kmol fuel 

From the energy equation we get 

q = -126 200 -(-2 783 218) - 1 460 269 = 1 196 749 kJ/kmol butane 
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14.45 

One alternative to using petroleum or natural gas as fuels is ethanol (C 2 H 5 OH), 

whieh is eommonly produeed from grain by fermentation. Consider a eombustion 
proeess in whieh liquid ethanol is burned with 120 % theoretieal air in a steady 
flow proeess. The reaetants enter the eombustion ehamber at 25°C, and the 
produets exit at 60°C, 100 kPa. Caleulate the heat transfer per kilomole of 
ethanol. 


C2H 

Fuel: iif = -277 380 kJ/kmol for liquid from Table A. 10, 
Produets at 60°C, 100 kPa, eheek for eondensation of water 


5 OH+ 1.2 x 3 ( 02 + 3.76 N 2 ) 


2CO2 + 3H2O + O.6O2 + I3.54N2 


19.94 


’^VMAX 


yH20 MIX 100 nvMAX+2+0.6+13.54 


=> n 


VMAX 


= 4.0 >3 


No liq. 


Hr = l(-277 380) + 0 + 0 = -277 380 kJ/kmol fuel 
Hp = 2(-393 522 + 1327) + 3(-241 826 + 1178) 

+ 0.6(0 + 1032) + 13.54(0 + 1020) = -1 491 904 kJ/kmol fuel 


Qcv = Hp - Hr = -1 214 524 kJ/kmol fuel 
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14.46 

Do the previous problem with the ethanol fuel delivered as a vapor. 

One alternative to using petroleum or natural gas as fuels is ethanol (C 2 H 5 OH), 

whieh is eommonly produced from grain by fermentation. Consider a combustion 
process in which liquid ethanol is burned with 120 % theoretical air in a steady 
flow process. The reactants enter the combustion chamber at 25°C, and the 
products exit at 60°C, 100 kPa. Calculate the heat transfer per kilomole of 
ethanol. 


C 2 H 5 OH+ 1.2 X 3 

Fuel: iif = -235 000 kJ/kmol for IG from Table A. 10 
Products at 60°C, 100 kPa, check for condensation of water 


(O2 + 3.76N2) ^ 2CO2 + 3H2O + O.6O2+I3.54N2 


19.94 


I^VMAX 


yH20Mix 100 nvMAX+2+0.6+13.54 


=> n 


VMAX 


= 4.0 >3 


No liq. 


Hr = l(-235 000) + 0 + 0 = -235 000 kJ/kmol fuel 
Hp = 2(-393 522 + 1327) + 3(-241 826 + 1178) 

+ 0.6(0 + 1032) + 13.54(0 + 1020) = -1 491 904 kJ/kmol fuel 


Qcv = Hp - Hr = -1 256 904 kJ/kmol fuel 
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14.47 


Another alternative to using petroleum or natural gas as fuels is methanol, 
CH^OH, whieh ean be produeed from eoal. Both methanol and ethanol have been 

used in automotive engines. Repeat the previous problem using liquid methanol 
as the fuel instead of ethanol. 

CH 3 OH+ 1.2 X 1 . 5 ( 02 + 3.76 N^) ^ 1 CO 2 + 2 H 2 O + 0.3 O 2 + 6 . 77 N 2 

Reaetants at 25 °C, produets are at 60 °C = 333.2 K, 100 kPa, eheek for 
eondensation of water 

]^9.94 ^VMAX 

yH20MAx"' 100 ^nvMAX+1+0-3+6.77 Hvmax = 2.0 > 2 ^No hq. 

CH 3 OH: h° = -239 220 kJ/kmol from table A. 10 for the liquid state 
= 1 hLjQ = -239 220 kJ/kmol fuel 

Hp = l(-393 522 + 1327) + 2(-241 826 + 1178) 

+ 0.3(1032) + 6.77(1020) = -866 276 kJ/kmol fuel 

Q = Hp - Hr = -627 056 kJ/kmol fuel 
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14.48 

Another alternative fuel to be seriously eonsidered is hydrogen. It ean be 
produeed from water by various teehniques that are under extensive study. Its 
biggest problem at the present time are eost, storage, and safety. Repeat Problem 
14.45 using hydrogen gas as the fuel instead of ethanol. 


H 2 + 1.2 X 0.5 O 2 + 1.2 X 3.76 X 0.5 N 2 ^ 1 H 2 O + 0.1 O 2 + 2.256N 2 

Produets at 60°C, 100 kPa, eheek for eondensation of water 

19.94 _ tivMAX _ 

Yhiomax- 100 ~nvMAX +0.1+2.256 

Solving, nyjyj^x ^ 0.587 < 1 =>nv = 0.587, nLjQ = 0.413 
Hr=0+0+0=0 

Notiee the produets are at 60°C so add for water liquid from steam tables 
Hp = 0.413[-285 830 + 18.015(251.1 - 104)] + 0.587(-241 826+ 1178) 

+ 0.1(0 + 1032) + 2.256(0 + 1020) = -255 816 kJ 
Qcv = Hp - Hr = -255 816 kJ 
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14.49 

In a new high-efficiency furnace, natural gas, assumed to be 90% methane and 
10% ethane (by volume) and 110% theoretical air each enter at 25°C, 100 kPa, 
and the products (assumed to be 100% gaseous) exit the furnace at 40°C, 100 kPa. 
What is the heat transfer for this process? Compare this to an older furnace where 
the products exit at 250°C, 100 kPa. 


O. 9 OCH 4 + O.IOC 2 H 6 


25°C 110% Air 



Prod. 

4 0 °C 
100 kPa 


0.9 CH, + 0.1 + 1.1 X 2.15 + 3.76 X 2.365 

4 2 6 2 2 


1.1 CO 2 + 2.1 H^O + 0.215 O 2 + 8.892 
Fuel values from table A. 10 and the rest from Table A.9 


= 0.9(-74 873) + 0.1(-84 740) = -75860 kJ/kmol fuel 
Hp= l.l(-393 522 + 562)+ 2.1 (-241 826 + 504) + 0.215(441) + 8.892(437) 
= -935 052 kJ/kmol fuel assuming all gas 


= Hp - = -859 192 kJ/kmol fuel 

b) Tp = 250 °C 

Hp = 1.1 (-393 522 + 9346) + 2.1 (-241 826 + 7740) 

+ 0.215(6808) + 8.892(6597) = -854 050 kJ 

Qcv = Hp - Hr = -778 190 kJ/kmol fuel 
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14.50 

Repeat the previous problem, but take into account the actual phase behavior of 
the products exiting the furnace. 


0.9 CH, + 0.1 + 1.1 X 2.15 + 3.76 x 2.365 

4 2 6 2 2 


1.1 CO 2 + 2.1 H^O + 0.215 O 2 + 8.892 


Same as 14.49, except check products for saturation at 40°C, 100 kPa 


Yvmax 


%MAX 


7.384 


100 nYf^^j^+10.207 


=> 


Solving, ny max = 0-814 


n.^ = 0.814, nj^jQ = 2.1 - 0.814 = 1.286 


Fuel values from table A. 10 and the rest from Table A.9 


Hj^ = 0.9(-74 873) + 0.1 (-84 740) = -75 860 kJ/kmol fuel 


For the liquid water add difference (40°C - 25°C) from steam tables 

= 1.286[-285 830 + 18.015(167.6 - 104.9)] = -366 125 kJ/kmol fuel 
Hgas = l.l(-393 522 + 562) + 0.814(-241 826 + 504 ) 

+ 0.215(441) + 8.892(437) = -624 711 kJ/kmol fuel 
Qgy = Hp - Hj^ = (-366 125 - 624 711) + 75 860 

= -914 976 kJ/kmol fuel 

b) Tp = 250 °C 

Hp = 1.1 (-393 522 + 9346) + 2.1 (-241 826 + 7740) 

+ 0.215(6808)+ 8.892(6597) 

= -854 050 kJ/kmol 

Qcv = Hp - Hr = -778 190 kJ/kmol fuel 
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14.51 

Pentene, is burned with pure oxygen in a steady flow proeess. The 

produets at one point are brought to 700 K and used in a heat exehanger, where 
they are eooled to 25°C. Find the speeifie heat transfer in the heat exehanger. 

C,H,„ + v„ O, ^5C0, + 5H-0 ^ v„ = 7.5 

5 10 O 2 2 2 2 O 2 

The heat exehanger eools the produets so energy equation is 

5 ip hco2 + 5 Af fi„20 + Q = 5 Af hf C 02 

+ (5 - X) Ap Hjo + (x) ip 

Cheek for eondensation amount 

P (25°) 

Findx: ypr r. -= 0.0313 = ^ ^ x = 0.1614 

H 2 O max P^Q^ 5 + X 

Out of the 5 H^O only 0.1614 still vapor. 

^ - -5 + (5-x)(h^j.^ - + x(h^^^p - h^^^p - A^^q) 

F 

= -5(17 761) + 4.84(-44 011 - 14 184) - 0.16(14 184) 

= -372 738 kJ/kmol Fu 
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14.52 


Methane, CH 4 , is burned in a steady flow process with two different oxidizers: 

Case A: Pure oxygen, O 2 and case B: A mixture of O 2 + x Ar. The 

reactants are supplied at Tq, Pq and the products for both cases should be at 1800 
K. Find the required equivalence ratio in case (A) and the amount of Argon, x, for 
a stoichiometric ratio in case (B). 


a) Stoichiometric has v = 2, actual has: 

CH 4 + VO 2 ^ CO 2 + 2 H 2 O + (v - 2 ) 0 ^ 

o o 

Energy eq.: = Hp + AHp ^ 

1800^ % ■ Hp " fuel ^ CO 2 ■ 2hf H 2 O ■ 0 

= -74 873 -(-393 522) - 2(-241 826) = 802 301 kJ/kmol 
Ah„„ = 79 432, Ah„ = 62 693, Ah„ =51 674 all in kJ/kmol 

CO 2 H 2 O O 2 

AHp jgQQ= 101 470 + V 51 674 = 802 301 kJ/kmol fuel 

AFs 2 

^ v = 13.56, ® = aF ^ 13.56 

b) CH 4 + 2 O 2 + 2x Ar ^ CO 2 + 2 H 2 O + 2x Ar 
AH^,«nn= 79 432 + 2 x 62 693 

r loUU 

+ 2 x X 0.52 X 39.948(1800 - 298) = 204 818 + x 62 402 

Now the energy equation becomes 

802 301 =204 818 +X 62 402 ^ 


X = 9.575 
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14.53 

A closed, insulated eontainer is eharged with a stoiehiometrie ratio of oxygen and 
hydrogen at 25°C and 150 kPa. After eombustion, liquid water at 25°C is sprayed 
in sueh that the final temperature is 1200 K. What is the final pressure? 


Combustion reaetion; 

Produets: 1 H,0 + x.H.O 

2 1 2 




H^O 


U 2 - Ui = = x^h;,^ = (1 + x^)Hp - - (1 + x^)RTp + fRT^ 

From Table A.9: = 0, Hp = -241 826 + 34 506 = -207 320 kJ/kmol 

From Table A.IO: hf[jq= -285 830 kJ/kmol 
Substitute 


x.(-285830 + 207320 + 8.3145 x 1200) = 

-207 320 - 8.3145( 1200 - fx298.15) = -213 579 


x, = 3.116 
1 




P,V, = n RT 

21 p p 



150 X 4,116 X 1200 
fx 298.15 


= 1657 kPa 
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14.54 

Gaseous propane mixes with air, both supplied at 500 K, 0.1 MPa. The mixture 
goes into a eombustion ehamber and produets of combustion exit at 1300 K, 0.1 
MPa. The products analyzed on a dry basis are 11.42% CO 2 , 0.79% CO, 2.68% 

O 2 , and 85.11% N 2 on a volume basis. Find the equivalence ratio and the heat 

transfer per kmol of fuel. 

C 3 Hg + a O 2 + 3.76 a ^ p CO^ + y H^O + 3.76 a 

p = 3, y = 4, a = p + Y/2 = 5, (A/F)g = 4.76a = 23.8 

The actual combustion reaction is 
xC^Hg + a O 2 + 3.76 a ^ 

11.42 CO 2 + y H^O + 85.11 + 0.79 CO + 2.68 O^ 

C balance: 3x = 11.42 + 0.79 => x = 4.07 

H balance: 8 x = 2y => y = 4x= 16.28 

O balance: 2a = 2 x 11.42 + y + 0.79 + 2 x 2.68 = 45.27 => a = 22.635 

N balance: 3.76 a =85.11 => a = 22.6356 checks close enough 

Rescale the equation by dividing with x to give 

C 3 Hg + 5.5614 (O 2 + 3.76 N^) ^ 

2.806 CO 2 + 4 H^O + 20.91 + 0.194 CO + 0.6584 O 2 

A/F = 5.5614 (1 + 3.76) / 1 = 26.472 
= (A/F)g/(A/F) = 23.8 / 26.472 = 0.899, %Theo. air = I 4 = 111% 

hp = hp + XviAh(1300K) 
q = bp - hp = hp + ZviAh(1300 K) - h^ 

K ^ fuel + ^^fuel + 5.5614 Aho 2 + 20.91 AhN 2 

= -103 900+ 1.679 x 44.094 (500-298) + 5.5614 (6086) 

+ 20.91 (5911) = 68 500 kJ/kmol fuel 

hp = 2.806 (-393 522) + 4(-241 826) +0 + 0.194 (-110 527) + 0 
= -2 092 969 kJ/kmol fuel 

ZviAh(1300 K) = 2.806 (50 148) + 4(38 941) + 20.91 (31 503) 

+ 0.194 (31 867) + 0.6584 (33 345) 

= 983 344 kJ/kmol fuel 

q = -2 092 969 + 983 344 - 68 500 = -1 178 125 kJ/kmol fuel 
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Enthalpy of Combustion and Heating Value 


14.55 


Liquid pentane is burned with dry air and the produets are measured on a dry 
basis as: 10.1% CO 2 , 0.2% CO, 5.9% O 2 remainder N 2 . Find the enthalpy of 

formation for the fuel and the aetual equivalence ratio. 

Vp C,H + v„ O, + 3.76 v„ N 

Fu 5 12 O 2 2 O 2 2 

X H^O + 10.1 CO 2 + 0.2 CO + 5.9 O 2 + 83.8 
Balance of C: 5 =10.1+0.2 ^ =2.06 

Fu Fu 


Balance of H: 12 v,, = 2 x 

Fu 


X = 6 V,, = 12.36 

Fu 


Balance of O: 2 v„ = x + 20.2 + 0.2 + 2 x 5.9 ^ v„ =22.28 

O2 O2 


Balance of N: 2x3.76v„ =83.8x2 

02 

v„ for 1 kmol fuel = 10.816 

O2 


=22.287^ OK 

O 2 


(^ = 1, C 5 HJ 2 + 8 O, + 8 X 3.76 ^ 6 H,0 + 5 CO^ + 30.08 N 


Hrp - Hp - Hj^ - 6 hf H 20 + 5 hf(202 - hf 


14.3: Hrp = 44 983 X 72.151 


hf fuel = -172 998 kJ/kmol 


(j) - AFs / AF - V 02 stoick ''^02 AC ~ 8/10.816 - 0.74 
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14.56 


Phenol has an entry in Table 14.3, but it does not have a eorresponding value of 
the enthalpy of formation in Table A. 10. Can you ealeulate it? 

CgHjOH + Vq^[ O 2 + 3.76 ^ 3 H^O + 6 CO^ + 3.76Vq^ 

The C and H balanee was introdueed (6 C’s and 6 H’s). At the referenee 
eondition the oxygen and nitrogen have zero enthalpy of formation. 


Energy Eq.: Hp = Hj^ ^ Hp = sinee ref T is assumed. 

Hrp " Hp - Hr = Hp - = 3 iif H 20 + 6 hf C 02 ‘ fuel 

Table 14.3 is on a mass basis and let us ehose liquid fuel, so we get the 
moleeular weight from the eomposition 

M = 6 x 12.011+3x2.016 +16 = 94.114 
Hpp = 94.114 (-31 117) = -2 928 545 kJ/kmol 

Solve the energy equation for fuel formation enthalpy 

o O o o 

ftiel ^ ^ hfH 20 + 6 hf (202 ‘ ^RP 

= 3 (-241 826) + 6(-393 522) - (-2 928 545) 

= -158 065 kJ/kmol 

For fuel as vapor we get 

Hpp = 94.114 (-31 774) = -2 990 378 kJ/kmol 

o O o o 

fuel ^ 3 hf fj 20 + 6 hf (202 - ^RP 

= 3 (-241 826) + 6(-393 522) - (-2 990 378) 

= -96 232 kJ/kmol 

O 

Notiee if 1 took liquid water in produets to do Hpp then 1 must use liquid value 

o 

for iif H 70 ^ ■ 285 830 kJ/kmol and the final result is the same. 



Sonntag, Borgnakke and van Wylen 


14.57 

Do problem 14.43 using table 14.3 instead of Table A.IO for the solution. 

The reaetion equation for stioehiometrie ratio is: 

CyHjg + vq2 (O 2 + 3.76 N 2 ) => IQO 2 + 8 H 2 O + vq2 X 3.76 N 2 

So the balanee (C and H was done in equation) of oxygen gives vq 2 = 7 + 4 = 
11, and aetual one is 11x1.25 = 13.75. Now the aetual reaetion equation is: 

C 7 H 16 + 13.75 O 2 +51.7N 2 => 7 CO 2 + 8 H 2 O + 5 I. 7 N 2 + 2.75 O 2 

To find the heat transfer take eontrol volume as eombustion ehamber and heat 
exehanger 

Hr + Q = Hp => Q = Hpo + AHp - Hr^ = Hrpq + AHp 

Now we get the enthalpy of eombustion from table 14.3, whieh is per kg, so 
seale it with the moleeular weight for the fuel. Add all the AHp from A.9 


Q - M Hrpo + 7 + 8 +51.7 Ah^^ + 2.75 Ah^^ 


= 100.205(-44 922) + 7(12 906) + 8(10 499) + 51.7(8894) + 2.75(9245) 
= .4 501 409 + 90 342 + 83 922 + 459 819.8 + 25 423.75 

= - 3 841 831 kJ/kmol fuel 
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14.58 

Wet biomass waste from a food-processing plant is fed to a catalytic reactor, 
where in a steady flow process it is converted into a low-energy fuel gas suitable 
for firing the processing plant boilers. The fuel gas has a composition of 50% 
methane, 45% carbon dioxide, and 5% hydrogen on a volumetric basis. 
Determine the lower heating value of this fuel gas mixture per unit volume. 

For 1 kmol fuel gas, 

0.5 CH^ + 0.45 CO 2 + 0.05 + 1.025 O 2 

^ (0.5 + 0.45) CO 2 + 1.05 H^O 

The lower heating value is with water vapor in the products. Since the 
0.45 CO 2 cancels, 

hj^p = 0.5(-393 522) + 1.05(-241 826) - 0.5(-74 873) - 0.05(0) 

= -413242 kJ/kmol fuel gas 

With “7 = P/RT = „ o ^ 0.04033 kmol/m^ 

V 8.3145 x 298.2 


LHV = -H413 242 X 0.04033 = 16 666 kJ/m^ 
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Determine the lower heating value of the gas generated from eoal as deseribed in 
Problem 14.35. Do not inelude the eomponents removed by the water serubbers. 

The gas from problem 14.35 is saturated with water vapor. Lower heating 
value LHV has water as vapor. 


o 


o 


o 


LHV —Hj^p — Hp - Hj^ 


Only CH^, and CO eontributes. From 14.12 the gas mixture after the 
serubbers has Zvj = 81.9 of composition: 

0.3 CH^ + 29.6 + 41 CO + 10 CO 2 + 0.8 + 0.2016 H^O 

LHV = -[0.3H;p^jj4 + 29.6Hrpj^2 + 41Hrp^o]/8L9 
= -[0.3(-50 010 X 16.043) + 29.6(-241 826) 


+ 41(-393 522 + 110 527)]/8L9 


= 232 009 


kJ 


kmol gas 
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Do problem 14.45 using table 14.3 instead of Table A.IO for the solution. 

One alternative to using petroleum or natural gas as fuels is ethanol (C 2 H 5 OH), 

which is commonly produced from grain by fermentation. Consider a combustion 
process in which liquid ethanol is burned with 120 % theoretical air in a steady 
flow process. The reactants enter the combustion chamber at 25°C, and the 
products exit at 60°C, 100 kPa. Calculate the heat transfer per kilomole of 
ethanol. 


C 2 H 5 OH + 1.2 X 3 (O 2 + 3.76 N 2 ) 


2 CO 2 + 3 H 2 O + 0.6 O 2 + 13.54 N 2 


Products at 60°C, 100 kPa, so check for condensation of water 


yH20 MIX 


’^VMAX 


19.94 


100 ny ]y[^x"*"2+0.6+13.54 


=> n 


VMAX 


= 4.0 >3 


No liq. 


Fuel: table 14.3 select (liquid fuel, water vapor) and convert to mole basis 


o 


%p = 46.069 (-26 811) = -1 235 156 kJ/kmol 
Since the reactants enter at the reference state the energy equation becomes 


o 


Qcv = Hp - Hr = Hp + AHp - Hr = Hrp + AHp 
AHp = 2 Ah„„ + 3 Ah„ „ + 0.6 Ah„ + 13.54 Ah,. 

^ CO2 H2O O2 N2 

= 2(1327) + 3(1178) + 0.6(1032) + 13.54(1020) = 20 618 kJ/kmol 
Qcv = -1 235 156 + 20 618 = -l 214 538 kJ/kmol fuel 
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Propylbenzene, is listed in Table 14.3, but not in table A.10. No moleeular 

weight is listed in the book. Find the moleeular weight, the enthalpy of formation 
for the liquid fuel and the enthalpy of evaporation. 

9CO2 + 6H2O 

lOl = 9 X 12.011 + 6 X 2.016 = 120.195 

V = = hJ - H° = X Viiifi - iifp^ ^ = X Viiifi - v 

P P 

Formation enthalpies from Table A. 10 and enthalpy of eombustion from 
Table 14.3 



o o 

^ ^^fC02 ^^fH20 g 


-l0l(-41 219) 


liq Fu H2O vap 


= 9(-393 522) + 6(-241 826) - 120.195(-41 219) 

= -38 336 kJ/kmol 


Take the enthalpy of eombustion from Table 14.3 for fuel as a gas and as a 
vapor, the difference is the enthalpy of evaporation 

hfg = -(hRP gas - h;p Pq) = 41 603 - 41 219 = 384 kJ/kg 
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Determine the higher heating value of the sample Wyoming eoal as speeified in 
Problem 14.33. 

The higher heating value is for liquid water in the produets. We need the 
eomposition of the produets. 

Converting from mass analysis: 


Substanee 

S 

H 2 

C 

O 2 

N 2 

o/M = 

0.5/32 

3.5/2 

4.86/12 

12/32 

0.7/28 

kmol /100 kg eoal 

0.0156 

1.75 

4.05 

0.375 

0.025 

Produet 

SO, 

H,0 

CO, 




So the eombustion equation beeomes (for 100 kg eoal) 

Fuel + Air ^ 1.75 H^O + 4.05 CO 2 + 0.0156 SO^ 

The formation enthalpies are from Table A.IO. Therefore, 

hRPO = hJ - H° = 4.05(-393 522) + 1.75(-285 830) + 0.0156(-296 842) 

= -2 098 597 kJ/lOOkgeoal 
So that HHV = +20 986 kJ/kg coal 
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Do problem 14.47 using table 14.3 instead of Table A.IO for the solution. 

Another alternative to using petroleum or natural gas as fuels is methanol, 
CH^OH, whieh ean be produeed from eoal. Both methanol and ethanol have been 

used in automotive engines. Repeat the previous problem using liquid methanol 
as the fuel instead of ethanol. 


CH,OH + 1.2 X 1.5 (O, + 3.76 NA 


1 CO, + 2 H,0 + 0.3 O, + 6.77 N 


Produets at 60°C, 100 kPa, so cheek for condensation of water 


19.94 


y 


I^VMAX 


H20MAX 100 nvMAX+1+0-3+ 6.77 


=> n 


VMAX 


= 2.0 >2 


No liquid is formed 


Fuel: table 14.3 select (liquid fuel, water vapor) and convert to mole basis 


o 


Hjy, = 32.042 (-19 910) = -637 956 kJ/kmol 
Since the reactants enter at the reference state the energy equation becomes 


Qcv = Hp - Hr = hJ + AHp - Hr = Hrp + AHp 

The enthalpies are from Table A.9 

AHp = Ah„„ + 2 Ah„ „ + 0.3 Ah„ + 6.77 Ah,, 

CO2 H2O O2 N2 

= 1(1327) + 2(1178) + 0.3(1032) + 6.77(1020) = 10 898 kJ/kmol 
Qcv = -637 956+ 10 898 = -627 058 kJ 
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A burner receives a mixture of two fuels with mass fraction 40% n-butane and 
60% methanol, both vapor. The fuel is burned with stoichiometric air. Find the 
product composition and the lower heating value of this fuel mixture (kJ/kg fuel 
mix). 


Since the fuel mixture is specified on a mass basis we need to find the mole 
fractions for the combustion equation. From Eq.12.4 we get 

Ybutane = (0.4/58.124) / [0.4/58.124 + 0.6/32.042] = 0.26875 


y methanol 


l-ybutane = 0.73125 


The reaction equation is 

0.73125 CH 3 OH + 0.26875 + V 02 (O 2 + 3.76 N 2 ) 


^ ’^€02^02+ VH 20 H 2 O+ 3 . 76 VQ 2 N 2 
C balance: 0.73125 + 4 x 0.26875 = Vco 2 = 1.80625 
H 2 balance: 2 x 0.73125 + 5 x 0.26875 = vh 20 ^ 2.80625 
O balance: 0.73125 + 2 V 02 = 2 V (202 +'Vh 20 ^ 0.41875 => V 02 = 2.84375 
Now the products are: 

1.80625 CO 2 +2.80625 H 2 O+ 10.6925 

Since the enthalpy of combustion is on a mass basis in table 14.3 (this is also the 
negative of the heating value) we get 

LHV = 0.4 X 45 714 + 0.6 x 21 093 = 30 941 kJ/kg fuel mixture 

Notice we took fuel vapor and water as vapor (lower heating value). 
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Consider natural gas A and natural gas D, both of which are listed in Table 14.2. 
Calculate the enthalpy of combustion of each gas at 25°C, assuming that the 
products include vapor water. Repeat the answer for liquid water in the products. 

Natural Gas A 

0.939 CH, + 0.036 C,H^ + 0.012 C,H, + 0.013 C,H,^ 

4 2 O Jo 4 lU 

+ 2.1485 O 2 + 3.76 X 2.1485 ^ 1.099 CO 2 + 2.099 H^O + 8.0784N. 

Hj^ = 0.939(-74 878) + 0.036(-84 740) + 0.012(-103 900) 

+ 0.013(-126 200) = -76244 kJ 

a) vapor H^O 

Hp = 1.099(-393 522) + 2.099(-241 826) = -940 074 
iij^ = Hp - = -863 830 kJ/kmol 

b) Liq. H^O 

Hp = 1.099(-393 522) + 2.099(-285 830) = -1 032 438 
iij^p = -956 194 kJ/kmol 
Natural Gas D: 

0.543 CH, + 0.163 C^H^ + 0.162 C,H^ + 0.074 C,H,^ 

4 2 O Jo 4 lU 

+ 0.058 N 2 + O 2 + N 2 ^ 1.651 CO 2 +2.593 H^O + N^ 

Hj^ = 0.543(-74 873) + 0.163(-84 740) + 0.162(-130 900) 

+ 0.074(-126 200) = -80 639 kJ 

a) vapor H^O 

Hp = 1.651(-393 522) + 2.593(-241 826) = -1 276 760 kJ 

h„„ = -1 196 121 kJ/kmol 

K_r 

b) Liq. H^O 

Hp = 1.651(-393 522) + 2.593(-285 830) = -1 390 862 kJ 
iij^p = -1 310 223 kJ/kmol 
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Blast furnace gas in a steel mill is available at 250°C to be burned for the 
generation of steam. The composition of this gas is, on a volumetric basis, 
Component CH 4 H 2 CO CO 2 N 2 H 2 O 

Pereent by volume 0.1 2.4 23.3 14.4 56.4 3.4 


Find the lower heating value (kJ/m^) of this gas at 250°C and ambient pressure. 

Of the six components in the gas mixture, only the first 3 eontribute to the 
heating value. These are, per kmol of mixture: 

0.024 H^, 0.001 CH 4 , 0.233 CO 


For these components, 

0.024 + 0.001 CH 4 + 0.233 CO + 0.1305 O 2 ^ 0.026 H^O + 0.234 CO 

The remainder need not be ineluded in the ealeulation, as the contributions to 
reactants and products cancel. For the lower HV(water as vapor) at 250°C 

\p = 0.026(-241 826 + 7742) + 0.234(-393 522 + 9348) 


- 0.024(0 + 6558) - 0.001(-74 873 + 2.254 x 16.04(250-25)) 

- 0.233(-l 10 527 + 6625) - 0.1305(0 + 6810) 

VT 

= -72 ^72 ——— 

kmol fuel 

Vq = RTo/Po = 8.3145 X 523.2/100 =43.5015 m^/kmol 
LHV = +72 573 / 43.5015 = 1668 kJ/m^ 
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Natural gas, we assume methane, is burned with 200% theoretieal air and the 
reaetants are supplied as gases at the referenee temperature and pressure. The 
produets are flowing through a heat exehanger where they give off energy to 

some water flowing in at 20°C, 500 kPa and out at 700°C, 500 kPa. The produets 
exit at 400 K to the ehimney. How mueh energy per kmole fuel ean the produets 
deliver and how many kg water per kg fuel ean they heat? 

The reaetion equation for stoiehiometrie mixture is: 

CH4 + Vq 2(02 + 3.76N2) ^ 2 H 2 O+ICO 2 + CN 2 
O balance: 2 = 2 + 2 => = 2 

200% theoretical air: = 2x2 = 4 so now more O 2 and N 2 

CH 4 + 4 (O 2 + 3.76 N 2 ) ^ 2 H 2 O + 1 CO 2 + 15.04 N 2 + 2 O 2 

The products are cooled to 400 K (so we do not consider condensation) and 
the energy equation is 

Energy Eq.: Hj^ + Q = Hp = Hp + AHp = Hj^ + Q 

Q = Hp - Hr + AHp = Hrp + AHp 

From Table 14.3: H^p = 16.04 (-50 010) = -802 160 kJ/kmol 

AHp = Ah(^Q 2 + 2 Ahjj 2 o 2 AhQ 2 + 15.04 Ahj ^2 
From Table A.9 

AHp 400 = 4003 + 2 X 3450 + 2 x 3027 + 15.04 x 2971 = 61 641 kJ/kmol 

Q = H^ + AHp = -802 160 + 61 641 = -740 519 kJ/kmol 
Oprod = -Q / M = 740 519 / 16.04 = 46 167 kJ/kg fuel 

The water flow has a required heat transfer, using B.1.3 and B.1.4 as 

‘1h 20 ^ ^out “ hjjj = 3925.97 - 83.81 = 3842.2 kJ/kg water 

The mass of water becomes 

“^H 20 ' “^fuel ^ “Iprod ' qH 20 ^ 
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Gasoline, C 7 H 17 , is burned in a steady state burner with stoiehiometric air at P^, 

Tq. The gasoline is flowing as a liquid at to a carburetor where it is mixed with 

air to produce a fuel air gas mixture at Tp. The carburetor takes some heat transfer 

from the hot products to do the heating. After the combustion the products go 
through a heat exchanger, which they leave at 600 K. The gasoline consumption 
is 10 kg per hour. How much power is given out in the heat exchanger and how 
much power does the carburetor need? 


Stoichiometric combustion: 


C 7 H 17 

+ Vo^ (Oj + 3.76 Nj) : 

8.5 H 2 O + 7 CO 2 + CN 

0 balance: 

2v^ =8.5 + 14 = 22.5 

O 2 

^ =11.25 

O 2 

N balance: 

c = 3.76 =3.76 x 11.25 =42.3 

O 2 


=7M^+17M„ = 7 x 12.011 + 8.5x2.016 = 101.213 
C.V. Total, heat exchanger and carburetor included, Q out. 

Energy Eq.: Hr = = Hp + AHp + 


From Table A.9 

AHp = 8.5 X 10 499 + 7 X 12 906 + 42.3 x 8894 = 555 800 kJ/kmol 
From energy equation and Table 14.3 

Qout ~ Hr - Hp - AHp = -Hrp - AHp 


= 101.213 (44 506) - 555 800 = 3 948 786 kJ/kmol 


Now the power output is 


10 

Q = n Qout = Qout m/M = 3 948 786 x 


/101.213 = 108.4 kW 


The carburetor air comes in and leaves at the same T so no change in energy, 
all we need is to evaporate the fuel, hfg so 


10 


1 


Q = in hfg = (44 886 - 44 506) = ^ x 380 = 1.06 kW 

Here we used Table 14.3 for fuel liquid and fuel vapor to get hfg. 
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In an engine a mixture of liquid oetane and ethanol, mole ratio 9:1, and 
stoiehiometrie air are taken in at Tq, Pq. In the engine the enthalpy of eombustion 
is used so that 30% goes out as work, 30% goes out as heat loss and the rest goes 
out the exhaust. Find the work and heat transfer per kilogram of fuel mixture and 
also the exhaust temperature. 

0.9 CgHjg + 0.1 C 2 H 5 OH + 11.55 O 2 + 43.428 N 2 

^ 8.4 H 2 O + 7.4 CO 2 + 43.428 N 2 
For 0.9 oetane + 0.1 ethanol, convert to mole basis 

^ o o o 

HrP mix^ 0.9 Hrp CgHig + 0-1 Hpp C2H5OH 


= 0.9 (-44 425) xl 14.232 + 0.1 (-26 81 l)x 46.069 
= -■* 797 

lOl . =0.9lOl +0.1 lOl, = 107.414 

mix oct ale 


Energy: 


o 


o 


hin + q- 

in 


= h + CO = hp,, + Ah + CO 
ex ex ex ex ex 



O 

RP mix 


CO + Ah 

ex ex 



o 

RP mix 


CO 


= -q.^ = 0.3 (-Hrp)= 1 407 239 = 13 101 


kmol 


kg Fu 


AVod = 1 876 3195ifK; 

= 8.4 + 7.4Ah^o^ + 43428 Ah^^ 

Ah ^ = 8.4 x 38 941 + 7.4x 50 148 + 43.428x 31 503 

prod 1300 

Ah , = 8.4x 34 506 + 7.4x 44 473 + 43.428x 28 109 

prod 1200 

Linear interpolation to get the value of Ah^^^^ = 1 876 319 

satisfied for T = 1216 K 


2 066 312 
1 839 668 
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Liquid nitromethane is added to the air in a earburetor to make a stoiehiometrie 
mixture where both fuel and air are added at 298 K, 100 kPa. After eombustion a 
eonstant pressure heat exehanger brings the produets to 600 K before being 
exhausted. Assume the nitrogen in the fuel beeomes N 2 gas. Find the total heat 

transfer per kmole fuel in the whole proeess. 

CH 3 NO 2 + Vq 2 (O 2 + 3.76 N 2 ) ^ 1.5 H 2 O + 1 CO 2 + a N 2 

C and H balanees done in equation. The remaining 

O balanee: 2 + 2 Vq2 =1-5+2 => Vq 2 = 0.75 

Nbalanee: 1 + 3.76 Vq 2 x 2 = 2a => a = 3.32 

Energy eq.: H^ + Q = Hp => Q = Hp - = Hp - + AHp - AH^ 

The reaetants enter at the referenee state, AH^^ = 0, and the produets at 600 K 
from table A. 9 

AH_ =1.5 Ah„ „ + Ah„„ + 3.32 AK. 

p H 2 O CO 2 N 2 

= 1.5 (10 499) + 1 (12 906) + 3.32 (8894) = 58 183 kJ/kmol fuel 

Hp - Hr = = 61.04 (-10 537) = -643 178 kJ/kmol 

Q = -643 178 + 58 183 = -584 995 kJ/kmol fuel 
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14.71 

Hydrogen gas is burned with pure oxygen in a steady flow burner where both 
reaetants are supplied in a stoiehiometrie ratio at the referenee pressure and 
temperature. What is the adiabatie flame temperature? 


The reaetion equation is: 


H2 + V02 O2 


=> H2O 


The balanee of hydrogen is done, now for oxygen we need V 02 = 0.5. 
Energy Eq.: Hr = Hp => 0 = -241 826 + Ahjj 2 o 

=> Ah^ 2 o =241 826 kJ/kmol 

Interpolate now in table A. 9 for the temperature to give this enthalpy 


T = 4991 K 
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In a rocket, hydrogen is burned with air, both reaetants supplied as gases at P^, T^. 
The combustion is adiabatic and the mixture is stoiehiometerie (100% theoretieal 
air). Find the produets dew point and the adiabatie flame temperature (~2500 K). 

The reaetion equation is: 

H2 +vo 2 (O2 + 3.76N2) => H2O +3.76V02N2 

The balanee of hydrogen is done, now for oxygen we need vq 2 = 0.5 and 
thus we have 1.88 for nitrogen. 

y^ = 1/(1+1.88) = 0.3472 => = 101.325 x 0.3472 = 35.18 kPa = Pg 

Table B. 1 .2: = 72.6 C. 

Hr = Hp => 0 =-241826+ Ah^a^ej.+1-88 Ahnitrogen 
Find now from table A.9 the two enthalpy terms 

At 2400 K : AHp = 93741 + 1.88 x 70640 = 226544 kJ/kmol fuel 
At 2600 K : AHp = 104520 + 1.88 x 77963 = 251090 kJ/kmol fuel 
Then interpolate to hit 241 826 to give T = 2525 K 



Sonntag, Borgnakke and van Wylen 


14.73 

Carbon is burned with air in a furnace with 150% theoretical air and both 
reactants are supplied at the reference pressure and temperature. What is the 
adiabatic flame temperature? 

C + v^ +3.76v^ ^ 1 CO^ + 3.76 

O 2 2 O 2 2 2 O 2 2 

From this we find v„ = 1 and the actual combustion reaction is 

02 

C+1.5 O 2 +5.64 ^ 1 CO 2 +5.64 N 2 +0.5 O 2 

Hp = Hp + AHp = = Hr ^ 

AHp = Hr - Hp = 0 - (-393 522) = 393 522 kJ/kmol 
AHp = AhQQ2 + 5.64 Ah^2 + 0.5 AhQ2 

Find T so AHp takes on the required value. To start guessing assume all products 

are nitrogen (1 + 5.64 + 0.5 = 7.14) that gives 1900 < T < 2000 K from Table 
A.9. 

AHp = 85 420 + 5.64 x»52 549 + 0.5*x»55 414 = 409 503 too high 
AH^,«nn =79 432 +5.64 x»48 979 + 0.5*x»51 674 = 381 511 

r loUU 

Linear interpolation to find 

393 522 - 381 511 

T= 1800+ 100 ,(.„,(. 3 . 3 „,,„ = 1843K 
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A stoichiometric mixture of benzene, C 5 H 5 , and air is mixed from the reactants 

flowing at 25°C, 100 kPa. Find the adiabatic flame temperature. What is the error 
if constant specific heat at Fq for the products from Table A.5 are used? 

C^H^ + v^ +3.76 ^ 6 CO^ + 3H^O + 3.76 

6 6 O 2 2 O 2 2 2 2 O 2 2 


= 6 + 3/2 = 7.5 

O2 



Hp = Hp + AHp = = Hr ^ 

AHp= -Hrp = 40576 x 78.114 = 3 169 554 kJ/kmol 
AHp = 6 Ah(-Q 2 + 3 Ahjj 2 o + 28.2 Ahj ^2 

AHp = 6(128074) + 3(104 520) + 28.2(77 963) = 3 280 600, 
AHp 24 por= 6(115 779) + 3(93 741) + 28.2(70 640) = 2 968 000 


Linear interpolation 


Tad= 2529 K 


yv.C„. = 6 X 0.842 X 44.01 + 3 x 1.872 x 18.015 + 28.2 x 1.042 x 28.013 

^ 1 Pi 

= 1146.66 kJ/kmol K 

AT = AHyXv.a. = 3 169 554 / 1146.66 = 2764 

P 1 Pi 

^ T^P= 3062 K, 21% high 
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Hydrogen gas is burned with 200% theoretical air in a steady flow burner where 
both reactants are supplied at the reference pressure and temperature. What is the 
adiabatic flame temperature? 


The stoichiometric reaction equation is: 

H, + v„, (0^ + 3.76NH => H^O +3.76v„,N 


02 


02 2 


The balance of hydrogen is done, now for oxygen we need = 0.5 and 
thus we have for the actual mixture = 1 • The actual reaction is 

+ 1 (O 2 + 3.76 N^) => 1 H^O + 3.76 + 0.5 

The energy equation with formation enthalpy from A.9 or A. 10 for water is 


Hr = Hp => 0 = -241 826 + Ah„,„ + 3.76 Ah.„ + 0.5 Ah 


H20 


■N2 


02 


Find now from table A.9 the two enthalpy terms 


At 2000 K 
At 1800 K 
At 1600 K 
At 1700 K 


AHp = 72 788 + 3.76 x 56 137 + 0.5 x 59 176 = 313 451 

AHp = 62 693 + 3.76 x 48 979 + 0.5 x 51 674 = 272 691 

AHp = 52 907 + 3.76 x 41 904 + 0.5 x 44 267 = 232 600 

AHp = 57 757 + 3.76 x 45 430 + 0.5 x 47 959 = 252 553 


Then interpolate to hit 241 826 to give 

T= 1600+ 100 1646 K 
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A gasturbine burns natural gas (assume methane) where the air is supplied to the 
combustor at 1000 kPa, 500 K and the fuel is at 298 K, 1000 kPa. What is the 
equivalence ratio and the percent theoretical air if the adiabatic flame temperature 
should be limited to 1800 K? 


The reaction equation for a mixture with excess air is: 

CH 4 + V 02 (O 2 + 3.76 N 2 ) ^ 2 H 2 O + 1 CO 2 + 3.76Vq2 N 2 + - 2)02 

Hp = Hp + AHp = = Hr + 

From table A.9 at 500 K (notice fuel is at 298 K) 

AHr = 0 + VQ 2 (AhQ 2 + 3.76 Ah^^^) = ^^^(6086 + 3.76 x 5911) = 28 311.4 Vq 2 

From table A.9 at 1800 K: 

AHp = 2 Ahj^ 2 o + ^^C 02 + 3.76 Ah^^ + (^^02 “ 2 ) ^^02 

= 2 X 62 693 + 79432 + 3.76 Vq 2 x 48 979 + (Vq 2 - 2) 51 674 
= 101 470 + 235 835 Vq 2 

From table 14.3: Hp - Hr = Hrp = 16.04(-50 010) = -802 160 kJ/kmol 

Now substitute all terms into the energy equation 

-802 160 + 101 470 + 235 835 Vq 2 = 28 311.4 Vq 2 


Solve for v 




802 160 - 101 470 
235 835 -28 311.4 


3.376 


%Theoretical air = 100 (3.376 / 2) = 168.8 % 
O = AFs / AF = 2 / 3.376 = 0.592 
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Liquid n-butane at Lq, is sprayed into a gas turbine with primary air flowing at 1.0 
MPa, 400 K in a stoiehiometric ratio. After complete combustion, the products 
are at the adiabatic flame temperature, which is too high, so secondary air at 1.0 
MPa, 400 K is added, with the resulting mixture being at 1400 K. Show that > 
1400 K and find the ratio of secondary to primary air flow. 

C.V. Combustion Chamber. 

C 4 H 10 + 6.5 O 2 + 6.5 X 3.76 N 2 ^ 5 H 2 O + 4 CO 2 + 24.44 N 2 


Primary 

Air 


Fuel 


Secondary 


Air 


Combustion 


? 

Mixing 

1 

• ^ * * * " V .A. .A..A. 

Chamber 

T 

-^AD 

1400 K 



Energy Eq.: = Hr = Hp 

Hp + AHp = Hr + AHr ^ AHp = Hr + AHr - Hp = -Hrp + AHr 

AHp = 45344 x 58.124 + 6.5(3.76 x 2971 + 3027) = 2 727 861 kJ/kmol 
AHp 1400 = 5 X 43491 + 4 x 55895 + 24.44 x 34936 = 1 294 871 < AHp 
Try Tad > 1400: AHp = 2658263 @2400 K, AHp = 2940312 @2600 K 
C.V. Mixing Chamber. Air Second: ^^02 8^2+ 3.76 N 2 

^^02 second ^^air AHp 1400 + '^ q 2 second ^^air 1400 

AHp - AHp 1400 1 43 2 9 90 

^ - 9.3 

ratio = V 02 sec/Vo 2 prim 


= 9.3/6.5 = 1.43 
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14.78 


Butane gas at 25°C is mixed with 150% theoretieal air at 600 K and is burned in 
an adiabatie steady flow eombustor. What is the temperature of the produets 
exiting the eombustor? 


2 5°C GAS 

150% Air 
600 K 


Q Hio 


Adiab. 

Prod. 

, Comb. 

at Tp 

0 

0 

< 

II 

0 


+ 1.5x6.5 (o^ + 3.76 4 CO^ + 5 H^O + 3.25 + 36.66N 

Energy Eq.: Hp - Hj^ = 0 => AHp = Hp^ + AHp - Hp 

Reaetants: AHp = 9.75(9245) + 36.66(8894) = 416 193 kJ ; 

HR = hc4Hio = hnG = -126 200kJ => Hp = +289 993kJ 
Hp = 4(-393522) + 5(-241826) = -2 783 218 kJ/kmol 
AHp = 4 AhQQ2 + 5 Ahjj2o 3.25 AhQ2 + 36.66 Ah^2 

From the energy equation we then get 

AHp = -126 200 + 416 193 -(-2 783 218) = 3 073 211 kJ/kmol 

Trial and Error; LHS 2000 K ^ 2 980 000, LHS 2200 K ^ 2 369 866 

Linear interpolation to mateh RHS => Tp = 2048 K 
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14.79 


Natural gas, we assume methane, is burned with 200% theoretical air and the 
reactants are supplied as gases at the reference temperature and pressure. The 
products are flowing through a heat exchanger and then out the exhaust, as in Fig. 
Pi4.79. What is the adiabatic flame temperature right after combustion before the 
heat exchanger? 


The reaction equation for stoichiometric mixture is: 

CH4 + Vq2(02 + 3.76N2) ^ ICO 2 + 2 H 2 O + CN 2 
O balance: 2 = 2 + 2 => = 2 

200% theoretical air: = 2x2 = 4 so now more O 2 and N 2 

CH 4 + 4 


(O2 + 3.76N2) ^ ICO2+ 2H2O+I5.O4N2 + 2O2 


Energy Eq.: = Hr = Hp 

Hp + AHp = Hr + AHr ^ AHp = Hr + AHr - Hp = -Hrp + 0 

From Table 14.3: -H^p = -16.04 (-50 010) = 802 160 kJ/kmol 

^ 

AHp = Ah(^Q 2 + 2 Ahjj 2 o + 2 AhQ 2 + 15.04 AhRf 2 
From Table A.9 


AHp 1600 = 67 659 + 2 X 52 907 + 2 x 44 267 + 15.04 x 41 904 = 892 243 

^Hp 1500 = 61 705 + 2 X 48 149 + 2 x 40 600 + 15.04 x 38 405 = 816 814 

AHp 1400 = 55 895 + 2 X 43 491 + 2 x 36 958 + 15.04 x 34 936 = 742 230 

Linear interpolation to get 802 160 


T= 1400 + 100 


802 160 - 742 230 
816 814-742 230 


= 1480 K 
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14.80 

Liquid butane at 25°C is mixed with 150% theoretieal air at 600 K and is burned 
in a steady flow burner. Use the enthalpy of eombustion from Table 14.3 to find 
the adiabatie flame temperature out of the burner. 

+ 1.5x6.5 (O 2 + 3.76 4 CO 2 + 5 H^O + 3.25 O 2 + 36.66 

Energy Eq.: Hp - Hr = 0 => AHp = Hr + AHr - Hp = -Hrp + AHr 

Reactants: AHr = 9.75(9245) + 36.66(8894) = 416 193 kJ/kmol; 

Hrp = 58.124(-45 344) = -2 635 575 kJ/kmol 
AHp = 4Ah(2Q2 + ^ 3.25 AhQ2 + 36.66 Ah^2 

So the energy equation becomes 

AHp = 2 635 575 + 416 193 = 3 051 768 kJ/kmol 
Trial and Error: LHS 2000 K ^ 2 980 000, LHS 2200 K ^ 3 369 866 

Linear interpolation to match RHS => Tp = 2037 K 
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14.81 

Acetylene gas at 25°C, 100 kPa is fed to the head of a cutting torch. Calculate the 
adiabatie flame temperature if the aeetylene is burned with 

a. 100% theoretieal air at 25°C. 

b. 100% theoretieal oxygen at 25°C. 

a) + 2.5 O 2 + 2.5 x S.VON^ ^ 2 CO^ + 1 H^O + 

= hf Q 2 H 2 ~ +226 731 kJ/kmol from table A. 10 

Hp = 2(-393 522 + AhcQ 2 ) + 1(-241 826 + AhH 2 o) + 9.4 Ah ^2 

Q^^ = Hp-Hj.=0 ^ 2Ahco2+1 AhH 2 o + 9.4AhJ^2= 1 255 601 kJ 

Trial and Error A.9: LHS 2800 = 1 198 369, LHS 3000 = 1 303 775 

Linear interpolation: Tpj^QQ = 2909 K 

b) C 2 H 2 + 2.5 O 2 ^ 2 CO 2 + H^O 

= +226 731 kJ ; Hp = 2(-393 522 + AhcQ 2 ) + 1(-241 826 + AhH 2 o) 

^ 2 Ah( 2 Q 2 + 1 Ahj| 2 o ~ 1 255 601 kJ/kmol fuel 

At 6000 K (limit of A.9) 2 x 343 782 + 302 295 = 989 859 

At 5600 K 2 x 317 870 + 278 161 =913 901 

Slope 75 958/400 K ehange 

Extrapolate to eover the differenee above 989 859 kJ/kmol fuel 

TpROD « 6000 + 400(265 742/75 958) « 7400 K 
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14.82 

Ethene, C 2 H 4 , burns with 150% theoretical air in a steady flow constant-pressure 
process with reactants entering at Pq, Eq. Find the adiabatic flame temperature. 

Stoichiometric 

C2H4 + 3(02 + 3.76N2) ^ 2CO2 + 2H2O + 11.28N2 

Actual 


C 2 H 4 + 4.5(0^ + 3.76N,) ^ 2C0^ + 2H,0 + 1.5 + 16.92N 


o 


Hp — Hp + 2Ah^„ + 2Ah„ „ + 1.5Ah„ + 16.92AK. 

p r CO2 H2O O2 N2 


o 


o 


o 


o 


Hr Fu 


AHp + Hp = Hr 


o 


kJ 


AHp = -Hrp = 28.054 x 47158 = 1 322 970.5 

AHp = 2Ah^Q^ + 2Ahj^^Q + 1.5AhQ^ + 16.92Ahj^^ 

Initial guess based on (2+2+1.5+16.92) N fromA.9: T, =2100K 


1 


AHH2000) = 1 366 982, AHH1900) = 1 278 398 


=> T^^ = 1950K 

AD 



Sonntag, Borgnakke and van Wylen 


14.83 

Solid carbon is burned with stoichiometric air in a steady flow process. The 
reactants at Tq, Pq are heated in a preheater to T 2 = 500 K as shown in Fig. 

P14.83, with the energy given by the product gases before flowing to a second 
heat exchanger, which they leave at Tq. Find the temperature of the products T^, 

and the heat transfer per kmol of fuel (4 to 5) in the second heat exchanger. 
Control volume: Total minus last heat exchanger. 


C + O 2 + 3.76 ^ CO 2 + 3.76 


C.V. Combustion chamber and preheater from 1 to 4, no external Q. For this 
CV states 2 and 3 are internal and do not appear in equations. 

Energy Eq.: 


o 


o 


Hr = Hr = = Hp + AHp^ = h^^^^ + Ah^^^ + 3.76Ah^^ 


Table A.9 or A. 10: 


iif C 02 ^ -393 522 kJ/kmol, 


= 115 779 + 3.76 x 70 640 = 381 385 kJ/kmol fuel, 

P 4 2400 ’ 

= 128 074 + 3.76 X 77 963 = 421 215 kJ/kmol fuel 

P 4 2600 


T. = T 


ad.flame 


= 2461 K 


Control volume: Total. Then energy equation 


o 


o 


Hr + Q = H 


O 


O 


Q = Hj,p = hfco2-0 = -393 522 


kJ 


kmol fuel 
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14.84 

Gaseous ethanol, C 2 H 5 OH, is burned with pure oxygen in a eonstant volume 

eombustion bomb. The reaetants are eharged in a stoiehiometrie ratio at the 
referenee eondition. Assume no heat transfer and find the final temperature ( > 
5000 K). 


C 2 H 5 OH + 3 O 2 ^ 2 CO 2 + 3 H 2 O 
Energy Eq.: 

Up = = Hr + AHr - nRRTR = Hp + AHp - npRTp 

Solve for the properties that depends on Tp and reeall AHr = 0 

AHp - ipRTp = h; - h; - ipRTp = - 2 - 3 h?H20'4RTp 

Fuel: iiffugi = -235 000 kJ/kmol for IG from Table A.IO so 
AHp - UpRTp = -235 000 -2(-393 522) - 3(-241 826) 

-4 x 8.31451 X 298.15 = 1 267 606 kJ/kmol 
LHS = AH^ - n^RT^ = 2 + 3 Ah„ ^ - 5 x 8.31451 x T„ 

P P P CO 2 H 2 O P 

From Table A.9 we find 

LHS 5600 = 2 X 317 870 + 3 X 278 161 - 41.5726 x 5600 = 1 237 417 
LHSgooo = 2 X 343 782 + 3 X 302 295 - 41.5726 x 6000 = 1 345 014 

T ^ ^ = 5712 K 

ad. name 
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14.85 

The enthalpy of formation of magnesium oxide, MgO(s), is -601827 kJ/kmol at 
25°C. The melting point of magnesium oxide is approximately 3000 K, and the 
inerease in enthalpy between 298 and 3000 K is 128 449 kJ/kmol. The enthalpy 
of sublimation at 3000 K is estimated at 418 000 kJ/kmol, and the speeifie heat of 
magnesium oxide vapor above 3000 K is estimated at 37.24 kJ/kmol K. 

a. Determine the enthalpy of eombustion per kilogram of magnesium. 

b. Estimate the adiabatie flame temperature when magnesium is burned with 

theoretieal oxygen. 

a) Mg + ^O^ ^ MgO(s) 

^^COMB ^ ^ ^ -601827/24.32 = -24746 kJ/kg 

b) assume T^^ = 25°C and also that Tp > 3000 K, (MgO = vapor phase) 

1 st law: ^ ‘ ^ Hr ^ ^ 

^ Hp - hp + (iijQQQ - h29g)§QL + ^hgUB ^ VAP^"*"p ■ 3000) 

= -601827 + 128449 + 418000 + 37.24(Tp - 3000) = 0 

Solving, Tp = 4487K 
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Second Law for the Combustion Process 


14.86 


Calculate the irreversibility for the process described in Problem 14.41. 


2C + 20 


^ 1C0,+ ICO + ^O 



Process V = constant, 


C: solid, 


1 (GAS) 



’^ICGAS) 





= 200 X 


2.5 X 1000 
2 X 298.2 


= 838.4 kPa 


Hi=H^ = 0 

H 2 = Hp = l(-393522 + 33397) + 1(-110527 + 21686) 

+ (l/2)(0 + 22703) = -437 615 kJ 

1Q2 = - Uj) = (H^ - Hj) - n^RT^ + n^RT^ 

= (-437 615 - 0) - 8.3145(2.5 x 1000 - 2 x 298.2) = -453 442 kJ 



Reactants: 

8 ^ = 2(5.740)+ 2(205.148 - 8.31451 Iny^) = 410.250 kJ/K 


Products: 



n. 

1 

yi 

- 0 

s. 

1 

- YiP 

-Rln ; 

s. 

1 

C 02 

1.0 

0.40 

269.299 

-10.061 

259.238 

CO 

1.0 

0.40 

234.538 

-10.061 

224.477 

0 , 

0.5 

0.20 

243.579 

-4.298 

239.281 


Sp = 1.0(259.238) + 1.0(224.477) + 0.5(239.281) = 603.355 kJ/K 

I ~ Tp(Sp - Sj^) - jQ2 

= 298.15(603.355 -410.250)-(-453 442) = +511 016 kJ 












Sonntag, Borgnakke and van Wylen 


14.87 

Methane is burned with air, both of whieh are supplied at the reference 
conditions. There is enough excess air to give a flame temperature of 1800 K. 
What are the percent theoretical air and the irreversibility in the process? 

The combustion equation with X times theoretical air is 

CH 4 + 2X(02 + 3.76 N 2 ) -> CO 2 + 2 H 2 O + 2(X-1)02 + 7.52X N 2 

Energy Eq.; = Hr = Hp = Hp + AHp = Hr + AHr 

^ AHp = Hr + AHr - Hp = -Hrp + 0 

From Table 14.3: -Hrp = -16.04 (-50 010) = 802 160 kJ/kmol 

^ 

AHp = AhQQ 2 + 2 Ahjj 2 Q 2(X-1) AhQ 2 + 7.52X Ahj ^2 

From Table A. 9 and the energy equation 

AHp 1800 = 79 432 + 2 X 62 693 + 2(X-1) 51 674 + 7.52X x 48 979 = 802 160 
so 

101 470 + 471 670 X = 802 160 => X= 1.4856 

%Theoretical air = 148,6% 

The products are 

Products: CO 2 + 2 H 2 O + 0.9712 O 2 + 11.172 N 2 

The second law 

^gen ~ Slid I — Tq Sggjj 


Reactants: Pj = 100 kPa, Pq = 100 kPa, Sp from Table A.9 






kJ 

kmol K 


CH 4 

1 

1 

186.251 

0 

186.251 

02 

2X 

0.21 

205.148 

12.976 

218.124 

No 

7.52 X 

0.79 

191.609 

1.96 

193.569 


Sr = ^ niSj = 2996.84 kJ/K kmol fuel 
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Products: Pg = 100 kPa, Pq = 100 kPa 



n; 

Yi 

_0 

®1800 

-Rln p 

s 

kmol K 

C 02 

1 

0.06604 

302.969 

22.595 

325.564 

H 20 

2 

0.13208 

259.452 

16.831 

276.283 

02 

0.9712 

0.06413 

264.797 

22.838 

287.635 

No 

11.172 

0.73775 

248.304 

2.529 

250.833 


Sp = ^ n^Sj = 3959.72 kJ/K kmol fuel; 

I = To(Sp - Sr) = 298.15(3959.72 - 2996.84) = 287 MJ/kmol fuel 
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14.88 

Consider the eombustion of hydrogen with pure oxygen in a stoiehiometric ratio 
under steady flow adiabatie eonditions. The reaetants enter separately at 298 K, 

100 kPa and the product(s) exit at a pressure of 100 kPa. What is the exit 
temperature and what is the irreversibility? 


The reaction equation is: 


^2 + ^^02 O2 


=> H2O 


The balance of hydrogen is done, now for oxygen we need V 02 = 0-5. 
Energy Eq.: Hj^ = Hp => 0 = -241 826 + Ahjj 2 o 

=> Ahjj 2 o =241 826 kJ/kmol 

Interpolate now in table A. 9 for the temperature to give this enthalpy 


T = 4991 K 


For this temperature we find from Table A.9, P = P^,, so we do not need any 
pressure correction for the entropy 

Sp = Sp = Sh 2 o = 315.848 kJ/kmol K 

For the reactants we have (again no pressure correction) 

Sr = 42+ 0-5 42= 130.678 + 0.5 X 205.148 = 233.252 kJ/kmolK 

S = Sp - = 315.848 - 233.252 = 82.596 kJ/kmol H 2 K 

gen PR ^ 

I = Tp S = 298.15 X 82.596 = 24 626 kJ/kmol H, 

o gen ^ 
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14.89 

Pentane gas at 25°C, 150 kPa enters an insulated steady flow combustion 
chamber. Sufficient excess air to hold the combustion products temperature to 
1800 K enters separately at 500 K, 150 kPa. Calculate the percent theoretical air 
required and the irreversibility of the process per kmol of pentane burned. 

C5H12 + 8X( O2 + 3.76 N2) ^ 5 CO2 + 6 H2O + 8(X-1) O2 + 30.08X N2 

Energy Eq.: + Hr = Hp + Wcvi Wcv= 0, Qcy = 0 

Reactants: C5H12 : h^ from A.9 and Ah5oo for O2 and N2 from A.9 

Hr = (hf)c5H12 + 8X AhQ2 + 30.08X A%2 

= -146 500 + 8X 6086 + 30.08 X 5911 = 226 491 X - 146 500 

Hp = 5(h° + Ah)co2 + 6(hf + Ah)H20 + 8(X-1) Aho2 + 30.08 X AhN2 

= 5(-393 522 + 79 432) + 6(-241 826 + 62 693) + 8(X-1) 51 674 
+ 30.08 X 48 979 = 1 886 680 X - 3 058 640 

Energy Eq. solve for X; 

Hr = Hp = 226 491 X - 146 500 = 1 886 680 X - 3 058 640 

^ X = 1.754 

b) Reactants: Pj = 150 kPa, Pq = 100 kPa, 



ni 

Yi 

_0 _0 
®f’ ®500 

-Rln p 

^ kJ 

kmol K 

C5H12 

1 

1 

348.945 

-3.371 

345.574 

02 

8X 

0.21 

220.693 

9.605 

230.298 

No 

30.08 X 

0.79 

206.74 

-1.411 

205.329 


Sr = ^ njS. = 14410.34 kJ/Kkmol fuel 
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Products: Pg = 150 kPa, Pq = 100 kPa 




yi 

_0 

YiPe 

^ kJ 


®1800 

-Rln p 

kmol 

C 02 

5 

0.0716 

302.969 

18.550 

321.519 

H 20 

6 

0.086 

259.452 

17.027 

276.479 

02 

8(X-1) 

0.0864 

264.797 

16.988 

281.785 

N 2 

30.08X 

0.756 

248.304 

-1.045 

247.259 


Sp = 

Z = 

17 732.073 

kJ/K kmol fuel; 


I 

= To(Sp - 

Sr) = 298 

.15(17 732.1 

07- 14 410.34) 



= 990 MJ/kmol fuel 
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14.90 

Consider the eombustion of methanol, CH 3 OH, with 25% exeess air. The 

combustion products are passed through a heat exchanger and exit at 200 kPa, 
400 K. Calculate the absolute entropy of the products exiting the heat exchanger 
assuming all the water is vapor. 


CH 3 OH + 1.25 X 1.5 (O 2 + 3.76 N 2 ) 


CO 2 + 2 H 2 O + 0.375 O 2 + 7.05 N 2 


We need to find the mole fractions to do the partial pressures, 

n= 1 +2 + 0.375 + 7.05 = 10.425 => yj=ni/n 


Gas mixture: 



Hi 


-0 

Si 

- YiP 

-Rlrip 

S. 

1 

CO, 

1.0 

0.0959 

225.314 

+13.730 

239.044 

H,0 

2 

0.1918 

198.787 

+7.967 

206.754 

O 2 

0.375 

0.0360 

213.873 

+20.876 

234.749 

N 2 

7.05 

0.6763 

200.181 

-2.511 

197.670 


Sr-AC A/tTY V S. = 2134,5 kJ/K kmol fuel 

CjAo MIA 1 1 
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14.91 

Consider the combustion of methanol, CH 3 OH, with 25% excess air. The 

combustion products are passed through a heat exchanger and exit at 200 kPa, 
40°C. Calculate the absolute entropy of the products exiting the heat exchanger 
per kilomole of methanol burned, using the proper amounts of liquid and vapor 
for the water. 

CH3OH+ 1.25 X 1.5 (O2 + 3.76N2) ^C02 + 2H20 + 0.375 O2 + 7.O5N2 

Products exit at 40 °C, 200 kPa, check for saturation; 

_Pg_ 7.384 __ ^VMAX _ 

^VMAX p 200 + 1 + 0.375 + 7.05 

^v = ^VMAX = 0-323 nLiQ= 1-677 


Gas mixture: 



Hi 

yi 

-0 

Si 

- YiP 

-Rlrip 

S. 

1 

C 02 

1.0 

0.1143 

215.633 

+12.270 

227.903 

H^O 

0.323 

0.0369 

190.485 

+21.671 

212.156 

O 2 

0.375 

0.0429 

206.592 

+20.418 

227.01 

N, 

7.05 

0.8059 

193.039 

-3.969 

189.07 


Sr-ACA/tTY ^ V ii-S- = 1714.50 kJ/Kkmol fuel 

GAS MIX 1 1 

Sliq = 69.950 + 18.015(0.5725 - 0.3674) = 73.645 kJ/kmol 
Sliq = 1.677 X 73.645 = 123.50 kJ/K kmol fuel 
SpROD = 1714.50 + 123.50 = 1838 kJ/K kmol fuel 
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14.92 

An inventor claims to have built a device that will take 0.001 kg/s of water from 
the faucet at 10°C, 100 kPa, and produce separate streams of hydrogen and 
oxygen gas, each at 400 K, 175 kPa. It is stated that this device operates in a 25°C 
room on 10-kW electrical power input. How do you evaluate this claim? 


Liq H^O 

10°C, 100 kPa 
0.001 kg/s 



H^gas 

— 

O 2 gas ' 

V 


= 10 kW 


each at 

400 K 
175 kPa 


= 25 °C 


1 


H2O ^ + 2 O2 


1 


H. - H = [-285830 + 18.015(42.01 - 104.89)] - 2961 - ^(3027) 
16 ^ 


= -291 437 kJ/kmol 


(S. - S ) = [69.950 + 18.015(0.151 - 0.3674)] - (139.219 - 8.3145 In 1.75) 
1 6 


1 


- 2 (213.873 - 8.3145 In 1.75) = -173.124 kJ/kmol K 


Wrev = (Hi - He) - To(Si - Se) = -291 437 - 298.15(-173.124) 
= -239820 kJ/kmol 

Wrev = (0.001/18.015)(-239 820) = -13.31 kW 
i = Wrev - Wcv = -13.31 - (-10) < 0 Impossible 
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14.93 


Two kilomoles of ammonia are burned in a steady flow process with x kmol of 
oxygen. The products, consisting of H 2 O, N 2 , and the excess O 2 , exit at 200°C, 1 

MPa. 

a. Calculate x if half the water in the products is condensed. 

b. Calculate the absolute entropy of the products at the exit conditions. 

2NH + XO 2 ^ SH^O + N 2 + (x - 1.5)02 


Products at 200 °C, 7 MPa with 
, „ 1.5538 

yH20 VAP ~ Pq/P ~ 1 ~ 


I1H20 LIQ “ I1H20 VAP 

1.5 

1.5 + 1+X-1.5 


= 1.5 
X = 5.757 


b) SpROD “ SqaS mix + Sjj20 LIQ 


Gas mixture: 

n. 

1 

yi 

-0 

Si 

-Rln(yiP/Po) 

S. 

1 

H2O 

1.5 

0.222 

204.595 

-22.810 

181.785 

O 2 

4.257 

0.630 

218.985 

-31.482 

187.503 

N. 

1.0 

0.148 

205.110 

-19.439 

185.671 




Sgasmix= 1.5(181.785)+ 4.257(187.503)+ 1.0(185.67) = 1256.55 kJ/K 
Sh20 LIQ = 1.5[69.950 + 18.015(2.3223 - 0.3674)] = 157.75 kJ/K 
SpROD = 1256.55 + 157.75 = 1414.3 kJ/K 
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14.94 

Graphite, C, at Pq, Tq is burned with air coming in at Pq, 500 K in a ratio so the 
products exit at Pq, 1200 K. Find the equivalence ratio, the percent theoretical air, 
and the total irreversibility. 

C + (l/(^)b(02 + 3.76N2) ^ CO 2 + ((14)- 1)02+ 3.76 (1/(^)N2 

o o 

Energy Eq.; Hp = ^ AHp ^200 - AH^ = % - Hp 

44 473 + ((14) - 1)29 761 + 3.76(14)28 109 

- (14)(6086 + 3.76x5911) = 0 - (-393 522) ^ (I 4 ) = 3.536 


= Sp - - R ln(y)) 

P-R 

P: yo 2 = 0-1507, y^^ = 0.79, y^^^ = 0.0593 


o 


Sp = 279.39 + 2.536 x 250.011 + 13.295 x 234.227 = 4027.5 


o 


Sr = 5.74 + 3.536(220.693 + 3.76 x 206.74) = 3534.8 

For the pressure correction the term with the nitrogen drops out (same y). 

R 2^-v ln(y) = 8.3145(2.8235 + 1.8927 - 1.5606) = 26.236 

P-R 

S = 4027.5 - 3534.8 + 26.236 = 518.94 kJ/kmol carbon-K 

gen 

kT 
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14.95 

A flow of hydrogen gas is mixed with a flow of oxygen in a stoiehiometrie ratio, 
both at 298 K and 50 kPa. The mixture burns without any heat transfer in 
eomplete eombustion. Find the adiabatie flame temperature and the amount of 
entropy generated per kmole hydrogen in the proeess. 


The reaetion equation is: 


^2 + ^^02 O2 


=> H2O 


The balanee of hydrogen is done, now for oxygen we need V 02 = 0-5. 
Energy Eq.: Hj^ = Hp => 0 = -241 826 + Ahjj 2 o 

=> Ahjj 2 o =241 826 kJ/kmol 

Interpolate now in table A. 9 for the temperature to give this enthalpy 


T = 4991 K 


For this temperature we find from Table A.9 

Sp = 420 -RMP/Po) = 315.848 - 8.31451 ln(0.5) = 321.611 kJ/kmol K 
For the reaetants we have 

Sr = 42 - R MP/Po) + 0.5 [§02 - R ln(P/Po) ] 

= 130.678 + 0.5 X 205.148 - 1.5 x 8.31451 ln(0.5) 

= 241.897 kJ/kmol K 

S = Sp - = 321.611 - 241.897 = 79.714 kJ/kmol H, K 

gen PR ^ 

Reeall that this ineludes the mixing proeess. 
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14.96 


A closed rigid container is charged with propene, C^H^, and 150% theoretical air 

at 100 kPa, 298 K. The mixture is ignited and bums with complete combustion. 
Heat is transferred to a reservoir at 500 K so the final temperature of the products 
is 700 K. Find the final pressure, the heat transfer per kmole fuel and the total 
entropy generated per kmol fuel in the process. 


C,H, + v„ + 


3 6 


02 


3 CO 2 + 3 H^O + X 


Oxygen, , balance: 
Actual Combustion: (j) = 1.5 


C^H^ + 6.75 0^ +25.38 

3 6 2 2 


2 = 6 + 3 = 9 

02 


V = 4.5 
O 2 


v„ = 1.5 X 4.5 = 6.75 

02ac 

3 CO 2 + 3 H^O + 25.38 + 2.25 O 2 


P ,p 2 eI2 , , 00 ^ ^M3 x 700_ ^ 

^2 *^111.7, "''' 33.13 x 298.15 


Enthalpies from Table A.9 


AHp 20 Q = 3x17 754+ 3x14 190 + 25.38x11 937 + 2.25x12 499 


= 426 916 


kJ 


kmol fuel 


Enthalpy of combustion from table 14.3 converted to mole basis 

Hrp = -45 780 X 42.081 = -1 926 468 kJ/kmol fuel 
U2-Uj = iQ2-0 = H2-Hj-n2Rt2 + niRTi 

1Q2 - Hj^p + AHp - UpRT^ + HjRTj 

= -1 926 468 + 426 916 - 33.63 x 8.3145 x 700 
+ 33.13 X 8.3145 x 298.15 = -1.613x10^ 


Entropies from Table A.9 and pressure correction 


Reactants: 

n. 

1 


-0 

s. 

1 

-Rln(y,P/Po) 

s. 

1 

C 3 H 3 

1.0 

0.0302 

267.066 

29.104 

296.17 

O2 

6.75 

0.2037 

205.143 

13.228 

218.376 

N, 

25.38 

0.7661 

191.609 

2.216 

189.393 


S = 296.17 + 6.75 x 218.376 + 25.38 x 189.393 = 6577 kmol Ll K 
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Products: 

n. 

1 


-0 

s. 

1 

-Rln(y,P/Po) 

S. 

1 

CO, 

3 

0.0892 

250.752 

+12.875 

263.627 

H,0 

3 

0.0892 

218.739 

+12.875 

231.614 

O 2 

2.25 

0.0669 

231.465 

+15.266 

246.731 

N 2 

25.38 

0.7547 

216.865 

-4.88 

211.985 


S= 3(263.627+ 231.614)+ 2.25 X 246.731 +25.38 X 211.985 


= 7421 kJ/kmol fuel K 


2 gen 


S,-S,-,Q,/T =7421 -6577+=4070 

2 1 1^2 res SOO 


kJ 


500 


kmol fuel K 
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Problems Involving Generalized Charts or Real Mixtures 
14.97 

Repeat Problem 14.42, but assume that saturated-liquid oxygen at 90 K is used 
instead of 25°C oxygen gas in the eombustion proeess. Use the generalized eharts 
to determine the properties of liquid oxygen. 

Problem same as 14.42, exeept oxygen enters at 2 as saturated liquid at 90 K. 

*02/*N2H4 = 0-5 = 32no2/32n^2H4 Q/*N2H4 " ■ ^ 

Energy Eq.: = Hp - = -100 x 32.045 = -3205 kJ/kmol fuel 

Reaetion equation: 1 2 ^2 ^ 2 ^ ^ ^2 ^ ^2 

At 90 K,T =90/154.6 = 0.582 ^ Ah =5.2 

’ r2 I 

Figure D.2, (h - h) = 8.3145 x 154.6 x 5.2 = 6684 kJ/kmol 
AhAT 2 = -6684 + 0.922 x 32(90 - 298.15) = -12825 kJ/kmol 

Hj^ = 50417 + f(0 - 12825) = 44005 kJ, H” = -241826 
1st law: Ahp = Ah„ „ + Ah„ + Ah,, =Q + - H° = 282626 

P H 2 O H 2 N 2 ^cv R P 

From Table A.9, AHp = 282141, AHp = 307988 
Therefore, Tp = 2804 K 
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14.98 


Hydrogen peroxide, H 2 O 2 , enters a gas generator at 25°C, 500 kPa at the rate of 

0.1 kg/s and is decomposed to steam and oxygen exiting at 800 K, 500 kPa. The 
resulting mixture is expanded through a turbine to atmospheric pressure, 100 kPa, 
as shown in Fig. P14.98. Determine the power output of the turbine, and the heat 
transfer rate in the gas generator. The enthalpy of formation of liquid H 2 O 2 is 

-187 583 kJ/kmol. 

1 liiTT^n? 0 1 

H 2 O 2 ^ H 2 O + 2 O 2 nH 202 = = 34 :^ = ^•00294 kmol/s 

^Mix ^ ^H 202 ^ 1.5 = 0.00441 kmol/s 

CpoMix = f X 1.872 X 18.015 +|x 0.922 x 31.999 = 32.317 

CvoMix = 32.317 - 8.3145 = 24.0 => k^ix = 32.317/24.0 = 1.3464 
CV: turbine. Assume reversible ^ s, = s. 





100x0.2573 


= 528.8 K 


w = Cpo(T 2 - T 3 ) = 32.317(800 - 528.8) = 8765 kJ/kmol 
Wcv = 0.00441 X 8765 = 38.66 kW 

CV: Gas Generator 

Hi = 0.00294(-187 583 + 0) = -551.49 

H 2 = 0.00294(-241 826 + 18002) + 0.00147(0 + 15836) = -634.76 
Qcv = H 2 - Hi = -634.76 + 551.49 = -83.27 kW 
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14.99 


Liquid butane at 25°C is mixed with 150% theoretieal air at 600 K and is burned 
in an adiabatie steady state eombustor. Use the generalized eharts for the liquid 
fuel and find the temperature of the produets exiting the eombustor. 


25 °C LIQ. 

150% Air 
600 K 


C4H10 



Adiab. 

Prod. 


, Comb. 

at TT-^ 



Qcv“ ^ 


T^ = 425.2 K 
= 0.701 

K 



C4H10 




see Fig. D.2 


= -126200 + (-4.85 x 8.3145 x 425.2) = -143 346 kJ 
+ 1.5 X 6.5 O 2 + 3.76 x 9.75 


^ 4 CO 2 + 5 H^O + 3.25 O 2 + 36.66 N 
^AiR = 9.75(9245) + 36.66(8894) = 416 193 kJ 
^ = 416 193- 143 346 = +272 847 kJ 

K 


Hp = 4(-393522 + Ah^Q2) + 5(-241826 + AhH2o) + 3.25 Aho2 + 36.66 Ah^2 
Energy Eq.: Hp - = 0 


^ ^ ^ 

4 Ah^Q2 + 5 Ah^2o + 3.25 AhQ2 + 36.66 Ahj.j2 ^ 3 056 065 

Trial and Error: ^ = 2 980 000, ^ = 3 369 866 

ZUUU Jv ZZUU Jv 

Linear interpolation to mateh RHS => Tp = 2039 K 
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14.100 

Saturated liquid butane enters an insulated eonstant pressure eombustion ehamber 
at 25°C, and X times theoretieal oxygen gas enters at the same P and T. The 
eombustion produets exit at 3400 K. With eomplete eombustion find x. What is 
the pressure at the ehamber exit? and what is the irreversibility of the proeess? 

Butane: Tj = Tq = 25‘^C, sat liq., xj = 0, T^; = 425.2 K, P^. = 3.8MPa 

Do the properties from the generalized eharts 

Fig. D.l: Tri = 0.7, P^ =0.1, Pj = P^iPc = 380 kPa 

Figs. D.2 and D.3: (^hj - hij f = 4.85 RT^., (kj - ■si)f = 6.8 R 
Oxygen: T 2 = = 25*^0, X - Theoretieal O 2 

Produets: T^ = 3400 K, Assumes eomplete eombustion 

C 4 H 10 + 6 . 5 XO 2 ^ 4 CO 2 + 5 H 20 + 6.5(X-1)02 
Energy Eq.: + Hr = Hp + W^y; Qcv = 0’ W^y = 0 

Hr = n(hf + Ah)c 4 Hio = 1(-126 200 + -17 146) = -143 346 kJ 

Produets: CO^ n(h° + Ah)co 2 = 4(-393 522 + 177 836) = -862 744 kJ 

H^O n(h° + Ah)H 20 = 5(-241 826 + 149 073) = -463 765 kJ 
O 2 n(h° + Ah)o 2 = 6.5(X-1)(0 + 114 101) = (X-l)741 657 kJ 
Hp = ^nj (hp + Ah)i = 741 657X - 2 068 166 

Energy Eq.: Hp = Hr solve for X; X = 2,594 


Assume that the exit pressure equals the inlet pressure: Pg = Pj = 380 kPa 



Sr = Sc4HlO + S 02 = [306.647 - 11.10 - 56.539] 

+ [205.48 - 11.10] X 6.5 X 2.594 = 3516.45 kJ/K 
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Products: 



ni 

yi 

_0 

Si 

-Rln p 

s 

^1 kmol K 

C 02 

4 

0.2065 

341.988 

2.016 

344.004 

H 20 

5 

0.2582 

293.550 

0.158 

293.708 

02 

10.368 

0.5353 

289.499 

-5.904 

283.595 


Sp = ^ niS. = 5784.87 kJ/K; 

I = To(Sp - Sr) = 298.15 (5784.87 - 3516.45) = 676 329 kJ 
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14.101 

A gas mixture of 50% ethane and 50% propane by volume enters a eombustion 
ehamber at 350 K, 10 MPa. Determine the enthalpy per kilomole of this mixture 
relative to the thermoehemieal base of enthalpy using Kay’s rule. 

ii^ixo = 0.5(-84740) + 0.5(-103900) = -94320 kJ/kmol 
CpoMix = 0-5 X 30.07 X 1.7662 + 0.5 X 44.097 X 1.67 = 63.583 

^350 - ^298 = 63.5 83(3 5 0 - 298.2) = 32 94 kJ/kmol 

Kay’s rule: ^ 0-3 x 305.4 + 0.5 x 369.8 = 337.6 K 

Pc ]y[jx ^ 6-3 X 4.88 + 0.5 x 4.25 = 4.565 MPa 
T = 350/337.6 = 1.037, P = 10/4.565 = 2.19 

r ’ r 

From Fig. D.2: h - h = 8.3145 x 337.6 x 3.53 = 9909 kJ/kmol 

ViX350K.i0MPa = '94320 + 3294 - 9909 = -100 935 kJ/kmol 
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14.102 

A mixture of 80% ethane and 20% methane on a mole basis is throttled from 10 
MPa, 65°C, to 100 kPa and is fed to a eombustion ehamber where it undergoes 
eomplete combustion with air, which enters at 100 kPa, 600 K. The amount of air 
is such that the products of combustion exit at 100 kPa, 1200 K. Assume that the 
combustion process is adiabatic and that all components behave as ideal gases 
except the fuel mixture, which behaves according to the generalized charts, with 
Kay’s rule for the pseudocritical constants. Determine the percentage of 
theoretical air used in the process and the dew-point temperature of the products. 

Reaction equation: 

Fuel mix: = 0.2(-74873) + 0.8(-84740) = -82767 kJ/kmol 

CpoFUEL = 0-2 X 2.2537 x 16.04 + 0.8 x 1.7662 x 30.07 = 49.718 

AhpuEL = 49.718(65 - 25) = 1989 kJ/kmol 
Tca = 305.4 K, Tcb = 190.4 K ^ mix=282.4 K 

Pca~4.88, Peb= 4.60 => Pp rniY ~ 4.824 MPa 
T, = 338.2/282.4= 1.198, ?,= 10/4.824 = 2.073 

(ii* - h)FUELiN = 8.31451 x 282.4 x 2.18 = 5119 
^ hpuELiN = -82767 + 1989 - 5119 = -85897 ^ 

1 st law: 

1.8(-393522 + 44473) + 2.8(-241826 + 34506) 

+ 3.2(x - 1)(29761) + (12.03x)(28109) 

+ 85897 - (3.2x)(9245) - (12.03x)(8894) = 0 

a) x = 4.104 or 410.4% 

b) Up = 1.8 + 2.8 + 3.2(4.104 - 1) + 12.03 x 4.104 = 63.904 

yjj 2 o = 2.8/63.904 = Py 100 ; P^ = 4.38kPa, T = 30.5°C 
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14.103 


Liquid hexane enters a eombustion ehamber at 31°C, 200 kPa, at the rate 1 kmol/s 
200% theoretieal air enters separately at 500 K, 200 kPa, and the combustion 
products exit at 1000 K, 200 kPa. The specific heat of ideal gas hexane is C = 

143 kJ/kmol K. Calculate the rate of irreversibility of the process. ^ 

Hexane: = 507.5 K, P^ = 3010 kPa 

Tj-j = 0.6, Fig. D.l: Pj-g = 0.028, Pgj = Pj-jP^ = 84.47 kPa 


_* — 


Figs D.2 and D.3: (hj - hj) f = 5.16 RT^., (Sj - Sj) f= 8.56 R 

Air: T 2 = 500 K, P 2 = 200 kPa, 200% theoretical air 
Products: 73 = 1000 K, P 3 = 200 kPa 


—o —* — 




_* — 


a) hc 6 Hi 4 = hf - (hj - hi)f + (hj - h^) + (h^ - hg) 


hg - hg = 0 , h^ - hg = Cp (T j - Tq) = 858 kJ/kmol, h^ = -167300 kJ/kmol 




— 


hj - hi = 5.16 X 8.3145 x 507.5 = 21773 kJ/kmol, hc 6 Hl 4 = -188215 kJ/kmol 


o 


H= 


- Ti _ Pi 

Sc6H14=St +Cpln;p-Rln:^ + (si - Sj) 


o 


T P 

° + Cp In;^- R In 387.979 + 2.85 -5.763 = 385.066 kJ/kmol-K 

o 10 


Sj - Si = 8.56x8.3145 = 71.172 kJ/kmol-K, sc6h14 = 313.894 kJ/kmol-K 
b) CgHiq + 1902 + 71.44N2 ^ 6 CO 2 + 7 H 2 O + 9.502 + 71.44N2 


T 


3"cprod y^.yi3"ci 179.3 K, Tj .3 .j. 


c prod 


= 5.58 ^ Ideal Gas 


c) is^Law: Q + Hr = Hp + W; W = 0 => Q = Hp - Hr 

Hr = (h)c6H14 + 19Aho2 + 71.44 AhN 2 

= -188 215 + 19 6086 + 71.44 5911 = 349701 kJ/kmol fuel 


Hp = 6 (hp + Ah)co 2 = V(hf + Ah)H 20 + 9.5 (h® + Ah)o 2 + 71.44(h° + Ah) 


'N2 


CO 2 - (h° +Ah) = (-393522+ 33397) =-360125 kJ/kmol 

H 2 O - (h° + Ah) = (-241826 + 26000) = -215 826 kJ/kmol 

O 2 - (hf + Ah) = (0 + 22703) = 22703 kJ/kmol 

N 2 - (h° + Ah) = (0 + 21463) = 21463 kJ/kmol 
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Hp =-1922537 kJ; Q = -2272238 kW 
d) i = ToA(Sp-SR)-Q;To = 250C 


Sr - (s)c6Hi4 + 19 (SjQQ 


J. 


0 


(s)c 6H14 ^ 313.894 kJ/kmol K, (s 5 qq)o 2 = 220.693 kJ/kmol K 



S5007N2 


= 206.740 kJ/kmol K, 


yo2 - 0-21, 


yN2 = 0.79 


Sr = 19141.9 kW/K 
Products: 



ni 

yi 

0 

Si 

-Rln p 

S. 

1 

(kJ/kmol-K) 

C 02 

6 

0.0639 

269.299 

17.105 

286.404 

H 20 

7 

0.0745 

232.739 

15.829 

248.568 

02 

9.5 

0.1011 

243.579 

13.291 

256.87 

N2 

71.44 

0.7605 

228.171 

-3.487 

224.684 

Sp = Z 

niSi = 

21950.1 kJ/K; 




i = Tq n (Sp - Sr) - Q = 3 109 628 kW 
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Fuel Cells 


14.104 


In Example 14.16, a basic hydrogen-oxygen fuel cell reaction was analyzed at 
25°C, 100 kPa. Repeat this calculation, assuming that the fuel cell operates on air 
at 25°C, 100 kPa, instead of on pure oxygen at this state. 

Anode: 2 H, ^ 4 e' + 4 


Cathode: 4 H+ + 4 e' ^ 1 + 2 H^O 

Overall: 2 + 1 ^ 2 H^O 

Example 14.16: AG,.or- = -474 283 kJ (for pure O,) 


For Pq 2 = 0.21 X 0.1 MPa: 

= 205.148 - 8.3145 In 0.21 = 218.124 kJ/kmol 

02 

AS = 2(69.950) - 2(130.678) - 1(218.124) = -339.58 kJ/kmol K 
AG 250 C = -571 660 - 298.15(-339.58) = -470 414 kJ/kmol 



470414 
96487 X 4 


1.219 V 



Sonntag, Borgnakke and van Wylen 


14.105 

Assume that the baste hydrogen-oxygen fuel eell operates at 600 K instead of 298 
K as in example 14.16. Find the ehange in the Gibbs funetion and the reversible 
EMF it ean generate. 


Reaetion: 2 H 2 + O 2 ^ 2 H 2 O 

At a temperature of 600 K the water formed is in a vapor state. We ean thus find 
the ehange in the enthalpy as 

^^600 K ~ ^^)h 20 g ■ ^(hj + Ah)]_[2 - (h^ + Ah)Q2 

= 2(-241 826+ 10 499) - 2(0 + 8799) - 0 - 9245 
= -489 497 kJ/4 kmol e- 

AcO _ o “o o “O “O 

^^600K“^ SfH20g-^ SfH2- Sf02 

= 2 X 213.051 -2 X 151.078-226.45 
= -102.504 kJ/4 kmol e- K 

AgIk = AhL k - TAS"„„ K = -489 497 - 600(-102.504) 

= - 427 995 kJ/4 kmol e- 


= -AG'^ = 427 995 kJ/4 kmol e- 


0 _ 


E^ = 


-AG 


0 


427 995 


96485 X 8 96 485 X 4 


= 1.109 V 
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Consider a methane-oxygen fuel eell in whieh the reaetion at the anode is 


CH4 + 2H2O ^ C02 + 8e- + 8H+ 

The eleetrons produeed by the reaetion flow through the external load, and the 
positive ions migrate through the eleetrolyte to the eathode, where the reaetion is 

8 e' + 8 H+ + 2 O 2 ^ 4 H 2 O 


Caleulate the reversible work and the reversible EMF for the fuel cell operating at 
25°C, 100 kPa. 

CH 4 + 2 H 2 O ^ CO 2 + 8 e- + 8 H+ 
and 8 e-+ 8 H++ 2 CO 2 ^ dH^O 
Overall CH^ + 20^ ^ CO^ + 2 H 2 O 
a) 25 °C assume all liquid H^O and all comp, at 100 kPa 

AH 25 c = -393 522 + 2(-285 830) - (-74 873) - 0 = -890 309 kJ 
AS 25 c = 213.795 + 2(69.950) - 186.251 - 2(205.148) = - 242.852 kJ/K 
AG 25 c = -890 309 - 298.15(-242.852) = - 817 903 kJ 


=-AG*^ =+817903 kJ 

n_ -AG° _ +817903 
^ " 96485 X 8 " 96485 X 8 


1.06 V 
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14.107 


Consider a methane-oxygen fuel eell in whieh the reaetion at the anode is 


CH, + 2H2O 


CO 2 + 8 e- + 8 H 


+ 


The electrons produced by the reaction flow through the external load, and the 
positive ions migrate through the electrolyte to the cathode, where the reaction is 


8 e' + 8 H+ + 2 O 2 


4H2O 


Assume that the fuel cell operates at 1200 K instead of at room temperature. 


CH 4 + 2 H 2 O ^ CO 2 + 8 e- + 8 H 
and 8 e-+ 8 H++ 2 CO 2 ^ dH^O 


+ 


Overall 


CH4 + 2O2 ^ CO2 + 2H2O 


1200 K assume all gas H O and all comp, at 100 kPa 


0 


AHi200 K = 1(-393522 + 44473) + 2(-241826 + 34506) - 2(0 + 29761) 


- 1 [-74873 + 16.043 x 2.254(1200 - 298.2)] = -780 948 kJ 


0 


AS 1200 K = 1(279.390) + 2(240.485) 


1200 


- 1(186.251 + 16.043 X 2.254 In^^) -2(250.011) 

= 23.7397 kJ/K 

Ag'Jjoo K = AhJjjo K - TAsJjoo K =-780 948- 1200(23.7397) 

= -809 436 kJ 

^ 0 = +809 436 
96 485 X 8 


= +809 436 kJ 
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Combustion Efficiency 
14.108 

Consider the steady eombustion of propane at 25°C with air at 400 K. The 
produets exit the eombustion chamber at 1200 K. It may be assumed that the 
combustion efficiency is 90%, and that 95% of the carbon in the propane bums to 
form carbon dioxide; the remaining 5% forms carbon monoxide. Determine the 
ideal fuel-air ratio and the heat transfer from the combustion chamber. 


Ideal combustion process, assumed adiabatic, excess air to keep 1200 K out. 

C 3 Hg + 5x02+I 8 . 8 XN 2 ^ 3 C02 + 4H20 + 5(x-1)02+I 8 . 8 XN 2 

Hj^ = -103900 +5x(0 + 3027) + 18.8x(0 + 2971) = -103900 + 70990x 

Hp = 3(-393522 + 44473) + 4(-241826 + 34506) 

+ 5(x - 1)(0 + 29761) + 18.8x(0 + 28109) = -2025232 + 677254x 
1 st law: Hp - = 0 Solving, x = 3.169 

FAjp,pal = X 3.169) = 0.01326 

b) FAactual = 0-0^^26/0.90 = 0.01473 
C,H,+ 14.26 0^+ 53.62 

JO L L 

2.85 CO 2 + 0.15 CO + 4 H 2 O + 9.335 O 2 + 53.62 

Hj^ = -103900 + 14.26(0 + 3027) + 53.62(0 + 2971) = +98570 kJ 

Hp = 2.85(-393522 + 44473) + 0.15(-110527 + 28427) + 4(-241826 + 34506) 

+ 9.335(0 + 29761) + 53.62(0 + 28109) = -51361 kJ 
= Hp-Hj^ =-149931 kJ 
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14.109 

A gasoline engine is converted to run on propane. Assume the propane enters the 
engine at 25°C, at the rate 40 kg/h. Only 90% theoretical air enters at 25°C such 
that 90% of the C burns to form CO 2 , and 10% of the C burns to form CO. The 

combustion products also include H20> ^2 andN 2 , exit the exhaust at 1000 K. 

Heat loss from the engine (primarily to the cooling water) is 120 kW. What is the 
power output of the engine? What is the thermal efficiency? 

Propane: = 25*^0, in = 40 kg/hr, M = 44.094 kg/kmol 

Air: = 25^C, 90% theoretical Air produces 90% CO 2 , 10% CO 

Products: T 3 = 1000 K, CO^, CO, H^O, 

C3Hg + 4 . 5 O 2 + I 6 . 92 N 2 2.7 CO 2 + 0.3CO + S.SH^O + O.VH^ + I 6 . 92 N 2 

hc 3 H 8 ^ m/(Mx3600) = 0.000252 kmol/s 
1®^ Law: Q + Hj^ = Hp + W; Q = -120 kW 

HR = nc 3 H 8 hf = -103 900 kJ 
Products: 

CO 2 - nco 2 (hf + Ah) = 2.7(-393522 + 33397) = -972337.5 kJ 

CO - nco(hf + Ah) = 0.3(-l 10527+ 21686) = -26652 kJ 

H 2 O - nH 2 o(hf +Ah) = 3.3(-241826 +26000) = -712226 kJ 

H 2 - nH 2 (hf + Ah) = 0.7(0 + 20663) = 14464.1 kJ 

- nN 2 (hf + Ah) = 16.92(0+ 21463) = 363154 kJ 

Hp = ^nj (hf + Ah)i = -1 333 598 kJ 
W = Q + h(Hj^ - Hp) = 189.9 kW 

C 3 Hg: Table 14.3 Hrpq = -50343 kJ/kg 
HHV = hc 3 H 8 M(-Hrpo) = 559.4 kW 
Pth = W/HHV = 0.339 
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14.110 

A small air-cooled gasoline engine is tested, and the output is found to be 1.0 kW. 
The temperature of the produets is measured to 600 K. The products are analyzed 
on a dry volumetric basis, with the result: 11.4% CO2, 2.9% CO, 1.6% O2 and 

84.1% N2. The fuel may be eonsidered to be liquid oetane. The fuel and air enter 

the engine at 25°C, and the flow rate of fuel to the engine is 1.5 x lO''^ kg/s. 
Determine the rate of heat transfer from the engine and its thermal effieieney. 

aCgHjg+ 60^ +3.76b 

^ 11.4C02 + 2.9C0 + eH20+ I.6O2 + 84.IN2 

b = |^ = 22.37, a = ^(11.4 + 2.9)= 1.788 

c = 9a = 16.088 
C3Hjg + 12.5 O2 +47.1 

^ 6.38 CO2 + 1.62 CO + 9 H^O + 0.89 O^ + 47.1 

= iif cgHis ^ '250 105 kJ/kmol 
Hp = 6.38(-393 522+ 15 788) + 1.62(-110527 + 10 781) 

+ 9(-241 826 + 12 700) + 0.89(0 + 11187) 

+ 47.1(0 + 10712) = -4 119 174 kJ/kmol 
Hp - = -4 119 174 - (-250 105) = -3 869 069 kJ/kmol 

Hp - = (0.00015/114.23)(-3 869 069) = -5.081 kW 

= -5.081 + 1.0 = -4.081 kW 

Fuel heating value from table 14.3 

Qjj = 0.00015 (47 893) = 7.184 kW 

= 1.0/7.184 = 0.139 
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14.111 


A gasoline engine uses liquid octane and air, both supplied at P^, T^, in a 
stoichiometric ratio. The products (complete combustion) flow out of the exhaust 
valve at 1100 K. Assume that the heat loss carried away by the cooling water, at 
100°C, is equal to the work output. Find the efficiency of the engine expressed as 
(work/lower heating value) and the second law efficiency. 


^ 8^18 ^^02 




8 CO 2 + 9 H^O + 47 N 2 


2v„ =16 + 9 

02 


=12.5 

O2 


LHV = 44425 


kJ 


kg fuel 


LHV = 5.07476x10® 


kJ 


kmol fuel 


AHp = 8 X 38885 + 9 x 30190 + 47 x 24760 = 1746510 


C.V. Total engine 


H. =H +W + Q, =H +2W 

^loss 


in 


ex 


ex 


o 


2W = H. -H =H_-H =-Hrp + AH_-AHp,.„„ 

in ex R V K.F R PllOO 

= 5.07476x10® + 0 - 1746510 = 3328250 


W= 1.664x10® 


kJ 


kmol fuel 




th 


W _ 1.664x10® 

LHV “5.07476x10® 


= 0.328 


Find entropies in and out: 
inlet: S ° = 360.575 

Fu 

S° =205.148 - 8.3145 in7^=218.12 
O 2 4.76 

^ nf\ 

sj = 191.609- 8.3145 in7^77= 193.57 
N 2 4.76 

S.° = 360.575 + 12.5 x 218.12 + 47 x 193.57 = 12185 

in 

exit: S ° =275.528 - 8.3145 In It =292.82 

CO 2 o4 

S° =236.732- 8.3145 In^ = 253.04 

H 2 O 64 

47 

=231.314- 8.1345 In 77 = 233.88 
N 2 64 

S = 8 X 292.82 + 9 x 253.04 + 47 x 233.88 = 15612 
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Assume the same out to 100°C reservoir in the reversible ease and 


compute Q 


rev 

0 * 


s. 


in 


+ Qr/To = s 


ex Qloss'^'^res 


Qo “ To(Sgx - Sin^ + Qiosg To/Tjgg 

= 298.15(15612 - 12185) + 1.664x10^ x 298.15/373.15 

= 2-35ixio‘drw 

H. +Q!f'' = H +W’'*'' + Q, 

in ex ^loss 



= Hi, - Hg, - Qi,gg + qJ" = W,g + = 4.015x10'^ 


kJ 

kmol fuel 


Tin = Wag/ =1.664x10^/4.015x10® = 0.414 
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Review Problems 


14.112 


Ethene, C 2 H 4 , and propane, C 3 Hg, in a 1:1 mole ratio as gases are burned with 

120% theoretieal air in a gas turbine. Fuel is added at 25°C, 1 MPa and the air 
comes from the atmosphere, 25°C, 100 kPa through a compressor to 1 MPa and 
mixed with the fuel. The turbine work is such that the exit temperature is 800 K 
with an exit pressure of 100 kPa. Find the mixture temperature before 
combustion, and also the work, assuming an adiabatic turbine. 

(^ = 1: C 2 H 4 + C 3 Hg + 80, + 30.08 N, ^ 5 CO, + 6 H,0 + 30.08 N 


2 


(^=1.2: C 2 H 4 + C 3 Hg + 9.6 O 2 + 36.096 


5 CO 2 + 6 H^O + 1.6 O 2 + 36.096 


45.696 kmol air per 2 kmol fuel 

C.V. Compressor (air flow) 

Energy Eq.: w =h.^-h.^ Entropy Eq.: 


^2 = ^1 


P =P xP/P, = 13.573 

12 ri 2 1 


T, . = 570.8 K 

2 air 


w = 576.44 - 298.34 = 278.1 kJ/kg = 8056.6 kJ/kmol air 


C.V. Mixing Chanber (no change in composition) 
n . h . . + n^, ,h, . + n^ ,h, . = (SAME) 

air air in Ful 1 in Fu2 2 in ^ ^exit 


c 


PF,+Cp.,yT . -TA = 45.696 Cp . fT, . -T 

PFl PF2yV^ exit OJ P airV^ 2 air exity 


C,H.: C... =43.43, C,H • Cpp= 74.06, C. .= 29.07 

’ 3 8 P F2 ’ 


2 4 


PFl 


P air 


+ c 


/'45.696Cp T,+ fC 

V P air 2 \ 

Texit= a..+a., + 45.696 C 


PFl ''PF2)"^o) 

^—- = 548.7 


K 


PFl 


PF2 


P air 


Dew Point Products: y 


H 2 O 5 + 6+ 1.6 + 36.096 


= 0.1232 


Prr r. = Yrr r.?. * = 123.2 kPa ^ = 105.5°C 

H2O H2O tot dew 

C.V. Turb. + combustor + mixer + compressor (no Q) 


w 


net 


= H. -H =Hp-Hp„„„ 

in out R P 800 


(800°K out so no liquid H2O) 


O 


O 


hfC 2 H 4 " 5 - 6 -1.6 - 36.096 h 


H 2 O 


O 2 


^N2 


= 2 576 541 


kJ 


2 kmol Fu 


= w . + w 


T 


net 


comp 


= 2 944 695 


kJ 


2 kmol Fu 
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14.113 


Carbon monoxide, CO, is burned with 150% theoretical air and both gases are 
supplied at 150 kPa and 600 K. Find the reference enthalpy of reaction and the 
adiabatic flame temperature. 


CO+ ''02(02 + 3-76 Nj) 

O balance: 1 + 2v„ = 1 

02 


CO2 + 





O2 actual 


0.75 


Now the actual reaction equation has excess oxygen as 

CO + 0.75 (^O^ + 3.76 ^ CO^ + 2.82 + 0.25 O^ 

From the definition of enthalpy of combustion, Eq.14.14 or 14.15 


^RP CO2 CO 


= -393 522 - (-110 527) = -282 995 kJ/kmol CO 
= - 10 103 kJ/kg CO (as for Table 14.3) 


o o 

Actual energy Eq.: = Hp = Hp + AHp = Hj^ + AH^ 

AHp = + AHj^ - Hp = -Hj^p + ^^h^^Q + 0.75 ^h^^ + 2.82 

= 282 995 + 8942 + 0.75 x 9245 + 2.82 x 8894 
= 323 952 kJ/kmol 


The left hand side is 

AHp = Ah + 0.25 Ah + 2.82 Ah 

^ CO2 O2 N2 

o^nn= 128 074 + 0.25 x 82 225 + 2.82 x 77 963 = 368 486 

P 2600 

AHp 24oq= 115 779 + 0.25 x 74 453 + 2.82 x 70 640 = 333 597 
AHp 2200 = 103 562 + 0.25 x 66 770 + 2.82 x 63 362 = 298 935 

Now we can do a linear interpolation for the adiabatic flame temperature 

323 952 - 298 935 

T = 2200 + 200 333 597 . 298 935 = ^344 K 
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14.114 

Consider the gas mixture fed to the eombustors in the integrated gasifieation 
eombined eycle power plant, as deseribed in Problem 14.12. If the adiabatie flame 
temperature should be limited to 1500 K, what pereent theoretieal air should be 
used in the combustors? 


Product 

CH 4 

H 2 CO 

CO 2 

N 2 

H 2 O 

H 2 S NH 3 

% vol. 

0.3 

29.6 41.0 

10.0 

0.8 

17.0 

1.1 0.2 

Mixture may be saturated with water so the gases are 

( H 2 S and NH 3 out) 

CH 4 

H 2 

CO 

C 02 


N 2 

n 

0.3 

29.6 

41.0 

10.0 


0.8 

81.7 


yvMAX ^ 7.384/3000 = ny(n^ +81.7) 

Solving, n.^ = 0.2 kmol, rest condensed 

{0.3 CH 4 + 29.6+ 41.0 CO + 10.0 CO 2 + O. 8 N 2 

+ O.2H2O + 35.9XO2 + 3.76 X 35 . 9 xN 2 }^ 

51.3 CO 2 + 30.4 H^O + 35.9(x - 1) O 2 + (135.0x + 0.8) 
For the fuel gas mixture, 

nCpo = 0-3 X 16.04 x 2.2537 + 29.6 x 2.016 x 14.2091 
+ 41.0 X 28.01 X 1.0413 + 10.0 x 44.01 x 0.8418 


+ 0.8 X 28.013 X 1.0416 + 0.2 x 18.015 x 1.8723 = 2455.157 

nh^Mix = 0.3(-74873) + 29.6(0) + 41.0(-110527) 

+ 10.0(-393522) + 0.8(0) + 0.2(-241826) = -8537654 kJ 
At 40°C, for the fuel mixture: 

Hmix = -8537654 + 2455.157(40 - 25) = -8500827 kJ 

Assume air enters at 25°C: h^jj^ = 0 

Products at 1500 K: 

Hp = 51.3(-393522 + 61705) + 30.4(-241826 + 48149) 

+ 35.9(x - 1)(0 + 40600) + (135x + 0.8)(0 + 38405) 

= -24336806 + 6642215x 

1 st law. Hp — Hj^ — 


+24336809 - 8500827 
6642215 


2.384 


or 238 % theo. air 
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A study is to be made using liquid ammonia as the fuel in a gas-turbine engine. 

Consider the eompression and eombustion proeesses of this engine. 

a. Air enters the eompressor at 100 kPa, 25°C, and is eompressed to 1600 kPa, 
where the isentropie eompressor effieieney is 87%. Determine the exit 
temperature and the work input per kilomole. 

b. Two kilomoles of liquid ammonia at 25°C and x times theoretieal air from the 
eompressor enter the eombustion ehamber. What is x if the adiabatie flame 
temperature is to be fixed at 1600 K? 


Air 

Pj = 100 kPa 
Tj = 25 °C 



P 2 = 1600kPa 




SCOMP 


= 0.87 


a) ideal eompressor proeess (adiabatie reversible): 

_ /1600\0-286 _ 

® 2 S ^ivPj/ 100 7 659 K 

-Wg = - Tj) = 1.004(659 - 298.2) = 362.2 

Real proeess: 

-w = -Wg/pg = 362.2/0.87 = 416.3 kJ/kg 

= Tj - w/CpQ = 298.2 + 416.3/1.004 = 713 K 
Also -w = 416.3 X 28.97 = 12060 kJ/kmol 


b) 

21iqNH3,25 T 
AirlOOkPa, 25 T 



COMB . 
CHAMBER 


-Q = 0 


Prod. 

Pp= 1600kPa 
Tp=1600K 


2 NH 3 + 1 . 5 x 02 + 5.64xN2^ 3 H 2 O+ 1.5(x- 1)02 +(5.64X+ 1 )N 2 

Using Tables 14.3, A. 10 and A.2, 

^NH 3 ™ + 17.031(298.36 - 1530.04) = -66 697 kJ/kmol 

= 2(-66 697) + 0 = -133 394 kJ 


-W = 12 060 X 7.14x = 86 108 x kJ 
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Hp = 3(-241 826 + 52 907) + 1.5(x - 1)(0 + 44267) + (5.64x + 1)(0 + 41904) 
= 302 739X-591 254 


Energy Eq.; Hj^ = Hp + W 

-133 394 = 302 739 x - 591 254 - 86 108 x 

^ x = 2.11 
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14.116 


A rigid container is charged with butene, C 4 Hg, and air in a stoichiometric ratio at 
Pq, Tq. The charge burns in a short time with no heat transfer to state 2. The 
products then cool with time to 1200 K, state 3. Find the final pressure, P^, the 
total heat transfer, and the temperature immediately after combustion, J' 2 . 

The reaction equation is, having used C and H atom balances: 

+ 3.76 ^ 4 CO 2 + 4 H^O + 3.76 

Counting now the oxygen atoms we get Vq^= 6 . 


C.V. analysis gives: 

U^.U,.Q-W = Q = H^-H,-PjVj + P,V, 

h2-h,=Hp,,„-h;=h;-h;+ahp=i«ih;p+ahp 

=-2542590 + 950055 = -1592535 
Where Kl = 56.108 and nj= 1 + 6 x 4.76 = 29.56, 


n^ — 4 + 4 + 6x 3.76 — 30.56, 

Table A.9 at 1200 K: Ah^^ =44473, Ah„ =34506, Ah^ =28109. 

CO2 H2O ’ N2 

Now solving for the heat transfer: 

Q = -1592535 - 8.3145(30.56 x 1200 - 29.56 x 298.15) = -1824164 


To get the pressure, assume ideal gases: 

n^RT. mT, 

P = = P, ^ = 421.6 kPa 

2 V 1 n T 

Before heat transfer takes place we have constant U so 


U, -U, =0 = H. -H.-mRT. +n.RT 


1 


a 


1 


1 


a 


1 


1 


a 


1 


1 


O 


Now split the enthalpy = Hp + AHp^T^ Tand arrange things with the 


unknowns on LHS and knowns on RHS: 


AHp- n^RT = - Hp - njRTj= 2 542 590 - 73278 = 2 469 312 

Trial and error leads to: 


LHS (3000 K) = 3 209 254 - 30.56 x 8.31451 x 3000 = 2 446 980 
LHS (3200 K) = 3 471 331 - 30.56 x 8.31451 x 3200 = 2 658 238 
linear interpolation T = 3021 K 
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14.117 

The turbine in Problem 14.112 is adiabatie. Is it reversible, irreversible, or 
impossible? 


Inlet to the turbine is the exit from the mixing of air and fuel at 1 MPa. 
From solution to 14.112, we have: 

=43.43, =74.06, T .. . = 548.7 K 

P C2H2 P C3H8 ’ turbine,m 

C 2 H 4 + C 3 Hg + 9.6 O 2 + 36.096 

5 CO 2 +6 H^O + 1.6 O 2 + 36.096 


s - 

ex 

S. = 

in 

fdO 

T 

+ S =S >i> 

gen gen ^ 




Inlet: 

1 MPa, 548.7 K 

’ Fu 

= Si+Cp. 

1 P Fu 

ln(T/T„) 



n. 

1 


yi 

-0 

S. 

1 

- YiP 
-Rln 

S. 

1 

C2H4 

1 


0.02097 

245.82 

12.989 

258.809 

C3H8 

1 


0.02097 

315.09 

12.989 

328.079 

O2 

9.6 


0.2013 

223.497 

-5.816 

217.681 

N2 

36.096 

0.7568 

209.388 

-16.828 

192.56 


S. = 258.809 + 328.079 + 9.6 x 217.681 + 36.096 x 192.56 = 9627.3 

in 



n. 

1 

yi 

-0 

s. 

1 

- YiP 

-Rln ; 

S. 

1 

CO3 

5 

0.1027 

257.496 

18.925 

276.421 

H^O 

6 

0.1232 

223.826 

17.409 

241.235 

O 2 

1.6 

0.0329 

235.92 

28.399 

264.319 

N 2 

36.096 

0.7413 

221.016 

2.489 

223.505 


S = 5 X 276.421 + 6 X 241.235 1.6 x 264.319 

ex 

+ 36.096 x 223.505= 1132035;^ 



= S„-S. = 1693 3i;Jf;i;>0 


Possible, but one should check the state after combustion to account for 
generation by combustion alone and then the turbine expansion separately. 
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14.118 

Consider the eombustion proeess deseribed in Problem 14.102. 

a. Caleulate the absolute entropy of the fuel mixture before it is throttled into the 
combustion chamber. 

b. Calculate the irreversibility for the overall process. 

From solution to 14.102, fuel mixture 0.8 C 2 H 5 + 0.2 CH 4 at 65°C, 10 MPa 
CpoFUEL ^ 49.718 kJ/kmol K. Using Kay’s rule: = 1.198, P^^ = 2.073 

and X = 410.4 % theoretical air 
or 13.13 O 2 + 49.36in at 600 K, 100 kPa 

and I. 8 CO 2 + 2 . 8 H 2 O + 9 . 93 O 2 + 49 . 36 N 2 out at 100 kPa, 1200 K 

a) §0 FUEL = 0.2(186.251) + 0.8(229.597) 

- 8.3145(0.2 In 0.2 + 0.8 In 0.8) = 225.088 

* 338 2 10 

Aslp = 49.718 In^^ - 8.3145 ln^= -32.031 

From Fig. D.3: (s -s)fufl ^ ^ ^-^145 = 11.391 

=225.088 -32.031 - 11.391 = 181.66 kJ/kmol K 

FUEL 

b) Air at 600 K, 100 kPa 



n. 

1 


-0 

s. 

1 

■Rln(yiP/Po) 

S. 

1 

02 

13.13 

0.21 

226.45 

+12.976 

239.426 

N 2 

49.36 

0.79 

212.177 

+1.96 

214.137 

A TT^ ' 

AIR ^ 1 1 

= 13713.47 

kJ/K 



Sr 

= 181.66 + 

13713.47 = 

13895.1 kJ/K 



Products at 1200 K, 100 kPa 



PROF 

n. 

1 


_0 

Si 

-Rln(y,P/Po) 

S. 

1 

CO 2 

1.8 

0.0282 

279.390 

+29.669 

309.059 

H 2 O 

2.8 

0.0438 

240.485 

+26.008 

266.493 

O 2 

9.93 

0.1554 

250.011 

+15.479 

265.490 

N 2 

49.36 

0.7726 

234.227 

+2.145 

236.372 

Sp 

= Z n.S.= 

1 1 

15606.1 kJ/K 



1 = 

To(Sp - Se) 

-Quy = 298.15(15 606.1 

- 13 895.1)+ 0 

= 510 132 kJ 
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14.119 

Natural gas (approximate it as methane) at a ratio of 0.3 kg/s is burned with 250% 
theoretieal air in a eombustor at 1 MPa where the reaetants are supplied at Tq. 
Steam at 1 MPa, 450°C at a rate of 2.5 kg/s is added to the produets before they 
enter an adiabatie turbine with an exhaust pressure of 150 kPa. Determine the 
turbine inlet temperature and the turbine work assuming the turbine is reversible. 


CH. + v„ + 3.76 ^ CO 2 + 2 H^O + 7.52 N 


02 


2 v^ =2 + 2 

02 


v„ = 2 => Aetual v„ = 2 x 2.5 = 5 

O 2 O 2 


CH 4 + 5 O 2 + 18.8 ^ CO 2 + 2 H^O + 3 O 2 + 18.8 


C.V. eombustor and mixing ehamber 


Hp + n„ „h„ ^ = H„ 

R H2O H2O in P ex 


n 


nH20 mH2oMFu 2.5 x 16.043 kmol steam 

= 7-421 kniolfUel 


H 2 O ^Fu^H 20 ^ 18.015 


Energy equation becomes 


nfh - h. V n + + 2Ah„ „ + 3Ah„ + 18.8AL. \ 

H20\ ex inyH20 I CO2 H2O O2 N2 lex 


O 


= -%p = 50 010 X 16.043 = 802 310 


(h -h. V„=Ah„^ - 15072.5, so then; 

y ex in/H2O 5 


H2O ex 


Mh^^ + 9.421Ah„ ^ + 3Ah^ + 18.8AK, \ 

^ CO2 H2O O2 N 2 Jsx 


= 914 163 


kJ 


kmol fuel 


Trial and error on T 


Tg^= lOOOK 


ex 


LHS = 749 956 ; 


Tgx= HOOK 


LHS = 867429 


Tgx= 1200 K 


LHS = 987 286 


Tgx=1139K = T; 


in turbine 


If air then Tg^ turbine ~ 700 K and « 920 K. Find Cp between 900 and 
1000 K. From Table A.9: 



P mix 




53.67 + 9.421(40.63) + 3(34.62) + 18.8(32.4) 

32.221 


= 35.673 kJ/kmol K 

Cy mix ^ Cp ^ 27.3587 kJ/kmol, kjj^ix= 1.304 

Tex turbine= 1139(150/ 1000)°-23'1=732K 
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AH 732 = 19370.6 + 9.421(15410) + 3(13567) + 18.8(12932) 

= 448 371 kJ/kmol 

kT 

Wt = - H,, = AHi„ - AH,, = 914 163 - 448 371 = 465 792 

Wj = np^WT = mp^Wp/lOlFu = (0.3 x 465 792)16.043 = 8710 kW 
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Consider one eylinder of a spark-ignition, intemal-eombustion engine. Before the 
eompression stroke, the eylinder is filled with a mixture of air and methane. 
Assume that 110% theoretieal air has been used, that the state before eompression 
is 100 kPa, 25°C. The eompression ratio of the engine is 9 to 1. 

a. Determine the pressure and temperature after eompression, assuming a 

reversible adiabatie proeess. 

b. Assume that eomplete eombustion takes plaee while the piston is at top dead 

eenter (at minimum volume) in an adiabatie proeess. Determine the temperature 
and pressure after eombustion, and the inerease in entropy during the 
eombustion proeess. 

e. What is the irreversibility for this proeess? 


ICH4+ 1.1 x2 02 + 3 . 76 x 2 . 2 N 2 ^ ICO2 + 2H2O + O.2O2 + 2H2O 


Pj = 100 kPa,Tj =298.2 K, 


V^/Vj = 1/8, Rev. Ad. S 2 = Sj 


Assume T, ~ 650 K ^ T . ~ 475 K 

2 AVE 

TableA. 6 : = 44.887, Cp^^^ = 30.890, C^^^^ = 29A\5 


C 


PO MIX 


= (1 X 44.887 + 2.2 x 30.890 + 8.27 x 29.415)/! 1.47 = 31.047 


^voMix ^po"^ 22.732, 

k-l _ 


k = Cp(,/C^o= 1.366 


a) = Tj(V/V 2 )^-^ = 298.2 (9)‘^'366 = 666.4 K (avg OK) 
P 2 = Pj(V/V 2 )'" = 100 (9)^-3^'^ = 2011 kPa 


b) eomb. 2-3 eonst. voL, Q = 0 

2Q3 = 0 = (H3 - H^) - R(n3T3 - n2T2) 

^2 = 1 hf CH4 + ^2 ^PO MIX ^^2 ■ ^ 1 ) 

H 2 = -74873 + 11.47 X 31.047(666.4 -298.2) = +56246 kJ 

H 3 = l(-393522 + Ah*o2) + 2(-241826 + AhH2o) + 0.2 AhQ2 + 8.27 Ah^2 


Substituting, 

1 Ah^Q 2 + 2 Ah^ 2 o + 0.2 AhQ 2 + 8.27 Ah ^2 ‘ 95.366 T 3 - 869868 = 0 


Trial & error: T, = 2907 K 


1 X 147072 + 2 X 121377 + 0.2 x 94315 + 8.27 x 89274 
- 95.366 X 2907 - 869868 « 0 OK 

iiaT, To 2907 

P 3 = P 2 ^ir=P 2 x =2011 X 77^7 = 8772 kPa 
^n2T2 "^T2 666.4 
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c) state 1 


REAC 

n. 

1 


-0 

s. 

1 

- R ln(y,P/Po) 

8 . 

1 

CH4 

1 

0.0872 

186.251 

+20.283 

206.534 

O 2 

2.2 

0.1918 

205.148 

+13.730 

218.878 

N 2 

8.27 

0.7210 

191.609 

+2.720 

194.329 


11.47 





8 , = 8 ^ 

= Z n.S. 

1 1 

= 2295.17 kJ/K 



state 3 






PROD 

n. 

1 


-0 

s. 

1 

- R ln(y,P/Po; 

8 . 

1 

CO, 

1 

0.0872 

332.213 

-16.916 

315.297 

H^O 

2 

0.1744 

284.753 

-22.680 

262.073 

O 2 

0.2 

0.0174 

283.213 

-3.516 

279.697 

N 2 

8.27 

0.7210 

265.726 

-34.480 

231.246 


11.47 






S = Z n.S. = 2807.79 kJ/K 

3 1 1 

I = 1^(83 - 83) = 298.2(2807.79 - 2295.17) = 152860 kJ 
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Liquid acetylene, C 2 H 2 , is stored in a high-pressure storage tank at ambient 

temperature, 25°C. The liquid is fed to an insulated combustor/steam boiler at the 
steady rate of 1 kg/s, along with 140% theoretieal oxygen, O 2 , which enters at 

500 K, as shown in Fig. P14.72. The combustion products exit the unit at 500 
kPa, 350 K. Liquid water enters the boiler at 10°C, at the rate of 15 kg/s, and 
superheated steam exits at 200 kPa. 

a. Caleulate the absolute entropy, per kmol, of liquid acetylene at the storage tank state. 

b. Determine the phase(s) of the combustion products exiting the eombustor boiler 

unit, and the amount of eaeh, if more than one. 

e. Determine the temperature of the steam at the boiler exit, 

a) C^H^: Sjq25°c ^ 

Tj^^ = 298.2/308.3 = 0.967 => From Fig. D.l: Pj^^ = 0.82 

Pj = 0.82 X 6.14 = 5.03 MPa, (s* - s)^ = 3.33R = 27.687 

S| 1 , T, p, = S"t„ p„ + at - R ln(P,/P») + (S - S*)p_ = 140.695 

b) 1 + 1.4 X 2.5 O 2 ^ 2 CO 2 + 1 H^O + 1 

Hj = 226731 + (-3.56 x R x 308.3) = 217605 kJ 
H= 3.5(0+ 6086) = 21301 kJ 


Produets T 3 = 350 K = 76.8°C 


P^ = 4L8kPa 

Cj 


Pg 41.8 


Yv 


max p 500 


= 0.0836 = 


max 


max + 2+1 


llVmax “ 0.2737 - Uy 


gas mix 


^ n,. = 1 - 0.2737 = 0.7263 

hq 

Gas Mix = 2 CO^ + 0.2737 H^O + 1 

c) Hj.^^= 0.7263(-285830 + 18.015(321.5 - 104.9)) = -204764 kJ 
H . = 2(-393522 +2036)+ 0.2737(-241826+ 1756)+ 1541 

gas miX 3 ^ ^ ^ ^ 

=-847138 kJ 

H=R. +H . =-204764 -847 138 =-1 051 902 kJ 

3 liq 3 gas mix 3 

H 3 -Hj-H 2 = -1 290 808 kJ 

or H 3 - Hj - = -1 290 808/26.038 = -49 574 kW = *^^ 0(^4 - hj) 


h =42.01 + 


49574 


3346.9 


T 3 = 433.4°C 


15 
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Concept Problems 
14.122 

What is the enthalpy of formation for oxygen as O 2 ? If O? For CO 2 ? 
From Table F.6 

^ o 

hf 02 = 0 

hfo = 107 124 Btu/lbmol 

hfco 2 = -169 184 Btu/lbmol (or Table F.ll) 


14.123 

What is the higher heating value, HHV, of n-Butane? 

Either convert units from Table 14.3 or compute from the enthalpy of formation. 
From Table F.l 1 

^ o 

iif C 4 H 10 = - 54 256 Btu/lbmol, 
hfH20 liq ^ "122 885 Btu/lbmol 
hfco 2 = -169 184 Btu/lbmol 

o ^ o ^ o ^ o 

HHV = -Hrp = hf O4H10 “ 4 hf 002 “ 5 hfff2o uq 

= - 54 256-4(-169 184)-5(-122 885) 

= 1 236 905 Btu/lbmol = 21 280 Btu/lbm 
= 49 500 kJ/kg = 21 280 Btu/lbm (from Table 14.3) 


M = 58.124 

(we need liquid for higher heating value) 
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Fuels and the Combustion Process 


14.124 


Pentane is burned with 120% theoretical air in a constant pressure process at 14.7 

Ibf/in . The products are cooled to ambient temperature, 70 F. How much mass of 
water is condensed per pound-mass of fuel? Repeat the answer, assuming that the 
air used in the combustion has a relative humidity of 90%. 


C 5 HJ 2 + 1.2 X 8 ( 0 ,+ 3.76nJ 


5 CO 2 + 6 H^O + 0.96 O 2 + 36.1 


Products cooled to 70 F, 14.7 Ibf/im 
a) for H.,0 at 70 F: P^ = 0.3632 Ibf/in 


P 


G 0.3632 


n 


H20 MAX 


y 


H20 MAX P 


14.7 


nH20 MAX+ 42.06 


Solving, n 


H20 MAX ^ + %20 


Therefore, 11^20 vap ^ 1-066, njj 2 QLjQ = 6 - 1.066 = 4.934 


m 


H20 LIQ 


4.934 X 18.015 
72.151 


= 1,232 Ibm/lbm fuel 


b) P^j = 0.9 X 0.3632 = 0.3269 Ibf/in 


0.3269 

Wj = 0.622 X Y 4~373 ^ 0.014 147 


n 


= 0.014147 X 


28.97 


H20IN ' ■' 18"oT 5 ^ + ^^4) = 1-040 Ibmol 


'^H 20 0 UT 1-04 + 6 7.04 

njj 2 o LjQ = 7-04 - 1.066 = 5.974 lb mol 


5.974 X 18.015 


n 


H20 LIQ 


= 1.492 Ibm/lbm fuel 


72.151 
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14.125 

The output gas mixture of a certain air-blown coal gasifier has the composition of 
producer gas as listed in Table 14.2. Consider the combustion of this gas with 

120% theoretical air at 14.7 Ibf/in. pressure. Find the dew point of the products 
and the mass of water condensed per pound-mass of fuel if the products are 
cooled 20 F below the dew point temperature? 


a) {3 CH. + 14 H, + 50.9 N, + 0.6 O, + 27 CO + 4.5 CO J 


+ 31.1 0^ + llh.ON^^ 34.5 CO 2 +20H^O + 5.2 O 2 + 167.8 


Products: 


P 


y 


H20 yH20MAX 14.7 34.5 + 20 + 5.2+ 167.8 


G 


20 


P„ = 1.2923 Ibf/in^ ^ = 110.4 F 

G DEW PT 


b) At T = 90.4 F, Pq = 0.7089 Ibf/in 


0.7089 _ ^H20 _ _ 

yH2o“ 14.7 “n„^^ +34.5 + 5.2+ 167.8 ^H20 ' 

riZU 

n„.,„ = 20 - 10.51 = 9.49 lb mol 

riZiJ 

^_ 9.49(18) _ 

^H20LIQ “ 3(16)+14(2)+50.9(28)+0.6(32)+27(28)+4.5(44) 


= 0.069 Ibm/lbm fuel 
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Energy and Enthalpy of Formation 


14.126 

A rigid vessel initially contains 2 pound mole of carbon and 2 pound mole of 

oxygen at 77 F, 30 Ibf/in. . Combustion occurs, and the resulting products consist 
of 1 pound mole of carbon dioxide, 1 pound mole of carbon monoxide, and 
excess oxygen at a temperature of 1800 R. Determine the final pressure in the 
vessel and the heat transfer from the vessel during the process. 

2 C + 20, ^ lCO, + lCO + 4 o, 


V = constant, C: solid. 


’^l(GAS) 



’^2(GAS) 



„ „ ^2^2 _ 2.5x1800 

2 1 2 x 536.7 


125.8 


Ibf 

in2 


H^ = 0 

= 1(-169184 + 14358) + 1(-47518 + 9323) +^(0 + 9761) = -188 141 Btu 


iQ2 = (U2-Ui) = (H2-Hj)-n2RT^ + n^RT^ 

= (-188 141 - 0) - 1.98589(2.5 x 1800 - 2 x 536.67) = -194 945 Btu 
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14.127 


In a test of rocket propellant performance, liquid hydrazine (N 2 H 4 ) at 14.7 

9 9 

Ibf/in.^, 77 F, and oxygen gas at 14.7 Ibf/in.^, 77 F, are fed to a combustion 
chamber in the ratio of 0.5 Ibm 02 /lbm N 2 H 4 . The heat transfer from the 

chamber to the surroundings is estimated to be 45 Btu/lbm N 2 H 4 . Determine the 

temperature of the products exiting the chamber. Assume that only H 2 O, H 2 , and 

N 2 are present. The enthalpy of formation of liquid hydrazine is +21 647 Btu/lb 

mole. 


N2H4 

O, 



Products 


N,H4+i0,^H,0 + H,+N, 


^02^™N2H4 


N2H4 


= -45 Btu/lbm 


Q^^ = -45 X 32.045 = -1442 


Btu 


lb mol fu 


C.V. combustion chamber: n„ h, + h, + 6 ^-^. = A .h., 

Fu 1 O 2 2 ^CV tot 3 


-or - + Qqv ~ ^ 


o 


o 


P 3 


=> 


Hr + Qcv ~ ^ 


P 3 


o 


Btu 


AHp^ = Hr - Hp + = 21 647 + 103 966 - 1442 = 124 171 


Trial and error on T^: 


T 3 = 5000 R 


Am = 120 071, 


T 3 = 5200 R 


AHp = 126 224 


Interpolate 


T, = 5133 R 
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128 

One alternative to using petroleum or natural gas as fuels is ethanol (C 2 H 5 OH), 

which is commonly produced from grain by fermentation. Consider a combustion 
process in which liquid ethanol is burned with 120 % theoretical air in a steady 
flow process. The reactants enter the combustion chamber at 77 F, and the 

products exit at 140 F, 14.7 Ibf/in.^. Calculate the heat transfer per pound mole of 
ethanol, using the enthalpy of formation of ethanol gas plus the generalized tables 
or charts. 

C^HgOH + 1.2 X 3(0^ + 3.76N2) ^ 2CO2 + 3H2O + O.6O2 + I3.54N2 

Products at 140 F, 14.7 Ibf/in^, 

y„,^ = 2.892/14.7 = n /(2 + 0.6 + n + 13.54) 

H20 V ^ V ^ 

n = 3.953 > 3 ^ no condensation 

V 

h° = -101 032 Btu/lbmol as gas 

1 =536.67/925 = 0.58 ^ D.2: Ah/RT=5.23 

r c 

= -101032 - 5.23 x 1.98589 x 925 + 0 + 0 = -110639 Btu/ Ibmol fuel 

K 

Hp = 2(-169184 + 570) + 3(-47518 + 506.5) 

+ 0.6(443.7) + 13.54(438.4) = -472060 Btu/ Ibmol fuel 

= Hp - = -361421 Btu/lbmol fuel 
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14.129 


In a new high-efficiency furnace, natural gas, assumed to be 90% methane and 

10% ethane (by volume) and 110% theoretical air each enter at 77 F, 14.7 Ibf/in. , 
and the products (assumed to be 100% gaseous) exit the furnace at 100 F, 14.7 

Ibf/in. . What is the heat transfer for this process? Compare this to an older 

furnace where the products exit at 450 F, 14.7 Ibf/in. . 




77 F 110% Air 



Jz-rou. 


100 F 2 

14.7 Ibf/in 


= 0.9(-32190) + 0.1(-36432) = -32614 Btu 
0.9 CH, + 0.1 + 1.1 X 2.15 + 3.76 x 2.365 

4 z o z z 

^ 1.1 CO 2 + 2.1 H 2 O +0.215 O 2 +8.892 
a)Tp= lOOF 

Hp = 1.1(-169184 + 206) + 2.1(-103966 + 185) 

+ 0.215(162) + 8.892(160) = -402360 Btu, assuming all gas 

= Hp - Hj. = -369 746 Btu/lb mol fuel 

b) Tp = 450 F 

Hp = 1.1(-169184 + 3674) + 2.1(-103966 + 3057) 

+ 0.215(2688) + 8.892(2610) = -370 184 Btu 

= Hp - Hj^ = -337 570 Btu/lb mol fuel 
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14.130 


Repeat the previous problem, but take into aceount the actual phase behavior of 
the products exiting the furnace. 

Same as 14.84 , except possible condensation. 

a) 100 F, 14.7 lbf/in2 

y =0.9503 / 14.7 = n /[n + 10.207] 

’’ V max V max •- v max -* 


n = 0.705 ^n = 0.705; n,. =2.1 -0.705 = 1.395 

V max V ’ liq 

Hj.^ = 1.395[-122 885 + 18.015(68.05 - 45.09)] = -170 847 Btu/lbmol 

Hga^ = 1.1 (-169 184 + 206) + 0.705(-103 966 + 185) 

+ 0.215(162) + 8.892(160) = -257 584 Btu/lbmol 
m = H,. + H = -428 431 Btu/lbmol 

P liq gas 


= Hp - = -395817 Btu/lbmol fuel 

b) Tp = 450 F, no condensation 

Hp = 1.1(-169 184 + 3674) + 2.1(-103 966 + 3057) 

+ 0.215(2688)+ 8.892(2610) 

= -370 184 Btu/lbmol 

= Hp - Hj. = -337 570 Btu/lbmol fuel 
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14.131 

Pentene, C^Hj^ is burned with pure oxygen in a steady state process. The 

products at one point are brought to 1300 R and used in a heat exchanger, where 
they are cooled to 77 F. Find the specific heat transfer in the heat exchanger. 


C-H,„ + v„ O, ^ 5 CO, + 5 H,0, stoichiometric: v„ = 7.5 

5 10 02 2 2 2’ O 2 

Heat exchanger in at 1300 R, out at 77 F, so some water will condense. 
5 H^O ^ (5 - x)H,0,. +xH^O 

2 ^ ^ 2 liq 2 vap 


p 


y 


g 77 0.464 


H2O 


max 


p 


tot 


14.696 


= 0.03158 = 


X 


5 + x 


x = 0.163 


q 


Q 


= 5 h 


ex 


-0 


n 


+ 51 li - h. ] 

CO 2 V ex iiv 


H20vap ■ H 2 O 


fuel 


. ^ ^ ^ Btu 

--164340 jb mol fuel 
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14.132 


Methane, CH^, is burned in a steady state process with two different oxidizers: A. 
Pure oxygen, O 2 and B a mixture of O 2 + x Ar. The reactants are supplied at T^, 
and the products in are at 3200 R both cases. Find the required equivalence 
ratio in case A and the amount of Argon, x, for a stoichiometric ratio in case B. 



CH 4 + VO 2 ^ CO 2 + 2 H 2 O + (v - 2 ) 0 ^ 
V = 2 for stoichiometric mixture. 

S 


H = + AH 

P3200 R P P 3200 


Ahco 2 ^ 33 579 Btu/lbmol, Ahj^^o ^ ^6 479, AhQ 2 = 21 860 

AHp = H° - Hp = -H°p = (50 010/2.326) x 16.04 = 344 867 Btu/lbmol 

= 33 579 + 2 X 26 479 + (v - 2)21 860 = 42 817 + v x 21 860 
v= 13.8175 ^ (^ = v/v = 2/13.8175 = 0.1447 

^ S 

b) CH 4 + 2 O 2 + 2xAr ^ CO 2 + 2 H 2 O + 2xAr 

AHp = 33579 + 2 x 26479 + 2 x 0.1253 x 39.948 x (3200 - 536.67) 

= 86537 + X X 26662.5 = 344867 ^ x = 9.689 
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14.133 

A closed, insulated container is charged with a stoichiometrie ratio of oxygen and 

hydrogen at 77 F and 20 Ibf/inA After eombustion, liquid water at 77 F is 
sprayed in sueh that the final temperature is 2100 R. What is the final pressure? 

^2 + ^(^ 2 ) ^ ^2® ; ^ H 2 O + x.H^O 

U 2 - Uj = x£ = x.hniq = (1 + x^)Hp - - (1 + x.)RTp + |rT^ 

table F.6: = (j), Hp =-103 966 + 14 218.5 =-89 747.5 Btu/lbmol, 

Table F.l 1: hfjjq= -122 885 Btu/lbmol 
Substitute 

x,(-122885 + 89747.5 + 1.98588 x 2100) 

= -89747.5 - 1.98588(2100 -1 x 536.67)= -92319.2 
X, = 3.187 


P.V =n_RT,,P,V =n RT 

11 R 1’ 2 2 P P 



P^(l +x.)Tp ^ 20(4.187)(2100) 

1.5 Tj “ 1.5(536.67) 


218.5 lbf/in2 
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Enthalpy of combustion and heating value 


14.134 

A burner receives a mixture of two fuels with mass fraction 40% n-butane and 
60% methanol both vapor. The fuel is burned with stoichiometric air. Find the 
product composition and the lower heating value of this fuel mixture (Btu/lbm 
fuel mix). 


Since the fuel mixture is specified on a mass basis we need to find the mole 
fractions for the combustion equation. From Eq.12.4 we get 

Ybutane = (0.4/58.124) / [0.4/58.124 + 0.6/32.042] = 0.26875 


ymethanol ^ Tbutane 0.73125 


The reaction equation is 

0.73125 CH 3 OH + 0.26875 + vqj (O 2 + 3.76 N 2 ) 


^ ^^002 CO 2 + VH 20 H 2 O + 3.76 V 02 N 2 
C balance: 0.73125 + 4 x 0.26875 = Vco 2 = 1-80625 
H 2 balance: 2 x 0.73125 + 5 x 0.26875 = Vh20 ^ 2.80625 
O balance: 0.73125 + 2 V 02 = 2 V( 2 Q 2 + Vh 20 ^ 0.41875 => V 02 = 2.84375 

Now the products are: 

1.80625 CO 2 +2.80625 H 2 O+ 10.6925 

Since the enthalpy of combustion is on a mass basis in table 14.3 (this is also the 
negative of the heating value) we get 

LHV = (0.4 X 45 714 + 0.6 x 21 093)/2.326 

= 13 302 Btu/lbm fuel mixture 

Notice we took fuel vapor and water as vapor (lower heating value). 


Sonntag, Borgnakke and van Wylen 


14.135 


Blast furnace gas in a steel mill is available at 500 F to be burned for the 
generation of steam. The composition of this gas is, on a volumetric basis, 
Component CFI 4 H 2 CO CO 2 N 2 H 2 O 

Pereent by volume 0.1 2.4 23.3 14.4 56.4 3.4 

3 

Find the lower heating value (Btu/ft ) of this gas at 500 F and P^. 


Of the six eomponents in the gas mixture, only the first 3 contribute to the 
heating value. These are, per lb mol of mixture: 

0.024 H^, 0.001 CH 4 , 0.233 CO 

For these eomponents, 

0.024 + 0.001 CH^ + 0.233 CO + 0.1305 O^ ^ 0.026 + 0.234 CO^ 

The remainder need not be ineluded in the calculation, as the contributions to 
reactants and products cancel. For the lower HV(water vapor) at 500 F 


iij^p = 0.026(-103 966 + 3488) + 0.234(-169 184 + 4229) - 0.024(0 + 

2101) 

- 0.001(-32 190 + 0.538 x 16.04(500-77)) - 0.233(-47 518 + 2981) 
- 0.1305(0 + 3069) = -31 257 Btu/lbmol fuel 



1545 X 536.7 
14.7 X 144 


= 391.47 ftMb mol 


LHV = 31 680 / 391.47 = 79.85 Btu/ft^ 




Sonntag, Borgnakke and van Wylen 


Adiabatic flame temperature 
14.136 

Hydrogen gas is burned with pure oxygen in a steady flow burner where both 
reactants are supplied in a stoichiometric ratio at the reference pressure and 
temperature. What is the adiabatic flame temperature? 


The reaction equation is: 

^2 + '^02 O2 H2O 

The balance of hydrogen is done, now for oxygen we need V 02 = 0.5. 


Energy Eq.: 


Hr = Hp => 0 = -103 966 + Ah^20 


=> AhH 2 o ^ 103 966 Btu/lbmol 

Interpolate now in table F.6 for the temperature to give this enthalpy 


T = 8985 R 
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137 

Carbon is burned with air in a furnace with 150% theoretical air and both 
reactants are supplied at the reference pressure and temperature. What is the 
adiabatic flame temperature? 


C + v^ +3.76v^ ^ 1 CO^ + 3.76v^ 

O 2 2 O 2 2 2 O 2 2 

From this we find v„ = 1 and the actual combustion reaction is 

02 

C + 1.5 O 2 +5.64 ^ 1 CO 2 + 5.64 + 0.5 O 2 

Hp = Hp + AHp = = Hr ^ 

AHp = Hr - Hp = 0 -(-169 184) = 169 184 Btu/lbmol 
AHp = AhQQ2 + 5.64 Ahj^2 + 0.5 AhQ2 

Find T so AHp takes on the required value. To start guessing assume all products 
are nitrogen (1 + 5.64 + 0.5 = 7.14) that gives 3400 < T < 3600 R from Table F.6. 


AH 

AH 


P3400 

P3200 


= 36 437 + 5.64 x22 421 +0. 



644= 174 713 too high 


= 33 579 + 5.64 x2D 717 + 0.5kEl 860 = 161 353 


Linear interpolation to find 

T = 3200 + 200 


169 184- 161 353 
174 713 - 161 353 


= 3317R 
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14.138 


Butane gas at 77 F is mixed with 150% theoretical air at 1000 R and is burned in 
an adiabatic steady state combustor. What is the temperature of the products 
exiting the combustor? 

+ 1.5 X 6.5(02 + 3 . 76 N 2 ) ^ 4 CO 2 + 5 H 2 O + 3.25 O 2 + 36 . 66 N 2 


O 


+ AH . . 

R R air, in 


o 


+ 4Ah^^ + 5Ah„ ^ + 3.25Ah^ + 36.66Ak, 

p p CO2 H2O O2 N2 




AH^ = H° - H° + AH . . 

P R P air, in 


o 45714 

AH„ = -H„p + AH , , = TW X 58.124 + 9.75 x 3366 + 36.66 x 3251 

P RP air,in 

= 1 294 339 Btu/lbmol fuel 


4Ah^Q2 + ^ 3.25AhQ2 + 36.66Ahj.^2 


atT 


ad 


Find the enthalpies from Table F.6 


^^p,3600R 1 281 185 


AHp 3 gQQj^ = 1 374 068 Btu/lbmol fuel 


T ^ = 3628 R 

ad 
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14.139 


Liquid n-butane at T^, is sprayed into a gas turbine with primary air flowing at 

2 

150 Ibf/in. , 700 R in a stoiehiometric ratio. After complete combustion, the 
products are at the adiabatic flame temperature, which is too high so secondary 

2 

air at 150 Ibf/in. , 700 R is added, with the resulting mixture being at 2500 R. 

Show that T > 2500 R and find the ratio of secondary to primary air flow. 

ad 

C.H,„ + 6.5 (O^ + 3.76 NJ ^ 4 CO^ + 5 H^O + 24.44 


4 10 


Fuel- 


Primary 




2nd.air 


air 


2500 R 


C.V. Combustor 

Hr = H,„ + = Hp = H; + AHp = + AH^ 

AHp= h; - h;+AH^=-h;p+AH^ 

= 45344 X 58.124/2.326+ 6.5(1158+ 3.76 X 1138) 
= 1 168 433 Btu/lbmol fuel 

= 4 X 23755 + 5 x 18478 + 24.44 x 14855 

r ^ZDUUlv 

= 550 466 Btu/lbmol fuel 


^Hp > ^Hp^2500R 


> 2500 R (If iteration 4400 R) 


C.V. Mixing chamber 


^Hp + 2nd'^Hair 700 ^Hp^2500R ^^02 2nd^Hair^2500R 


V 


AHp - AHp 2gQQ 

“ ^ ^H^.^^2500 - ^H,,,7oo 


1168433 - 550466 
71571 - 5437 


= 9.344 


Ratio = v„,, j/v„T „ . = 9.344/6.5 = 1,44 

02 2nd 02 Prim. 
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14.140 


Acetylene gas at 77 F, 14.7 Ibf/in. is fed to the head of a cutting torch. Calculate 
the adiabatie flame temperature if the aeetylene is burned with 100 % theoretical 
air at 77 F. Repeat the answer for 100% theoretieal oxygen at 77 F. 


a) 


C 2 H 2 + 2.5 O 2 + 2.5 X 3.76 N 2 


2 CO 2 + 1 H^O + 9.4 


- iif C 2 H 2 “ 97 477 Btu 


* 


* 


* 


Hp — 2(-169 184 + Ahco2) 1("103 966 + AhH2o) 9.4 Ah]s[2 

Qcv = - Hp = 0 


R 


* 


* 


* 


2 Ahco 2 1 AhH 20 9.4 Ah]s [2 ~ 539 811 Btu/lbmol 
Trial and Error: = 5236 R 

2 X 147 196 + 121 488 + 9.4 x 89 348 = 1 255 751 OK 


b) 


C2H2 + 2.5O, 


2 CO 2 + H^O 


= 91 All Btu 


* 


* 


H„ = 2(-169 184 + Ahco 2 ) + 1(-103 966 + AhH 2 o) 


* 


* 


=> 2 Ah ,202 1 ^bH 2 o - 539 811 

At 10 000 R (limit of F.6): 2 X 135 426 + 118 440 = 389 292 


At 9500 R: 


2 X 127 734+ 111 289 = 366 757 


or 4507/100 R change, 


Differenee, extrapolating 


150519 

"^PROD ~ ^^ 45.07 ~13 340R 
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14.141 


Ethene, C 2 H 4 , burns with 150% theoretical air in a steady flow constant-pressure 
process with reactants entering at P^, T^. Find the adiabatic flame temperature. 


C^H^+l.SxSCO^ + S.VbNJ 


2CO2 + 2H2O + I.5O2 + I6.92N2 


Hp = H^ = H; + AHp = H; 


AHp = H° - Hp = -H°p = 28.054 x 47 158/2.326 = 568 775 Btu/lbmol 


AHp = 2Ah^Q2 + 2Ahjj2o + + 16.92Ah^2 

Trial and error on T .. 

ad 

^Hp, 3400 R = 545 437, AHp = 587 736 Btu/lbmol 

T =3510R 

ad 
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14.142 


Solid carbon is burned with stoichiometric air in a steady state process, as shown 
in Fig. P14.39. The reaetants at T^, are heated in a preheater to = 900 R 

with the energy given by the produets before flowing to a second heat exehanger, 
whieh they leave at T^. Find the temperature of the products T^, and the heat 

transfer per lb mol of fuel (4 to 5) in the second heat exchanger. 

a) Following the flow we have: Inlet T^, after preheater T^, after mixing and 
combustion chamber T^, after preheater T^, after last heat exchanger = T^. 


b) Products out of preheater T^. Control volume: Total minus last heat 
exehanger. 

C + O^ + S.TbN^^ CO2 + 3.76N2 
Energy Eq.: 

o o 



= Hp + AHp^ 




+ 3.76Ah 


N2 


h° „=-169 184, AH 

f CO 2 


P 34400 167 764, AHp^^gQQ 


= 177 277 


= T . = 4430 R 

3 ad.ilame 


c) Control volume total. Then energy equation: 


o 


o 


Hr + q - Hp 


Rtii 

q = H^p = hf C 02 - 0 = -169 184 
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Second law for the combustion process 
14.143 

Methane is burned with air both supplied at the referenee eonditions. There is 
enough exeess air to give a flame temperature of 3200 R. What are the pereent 
theoretieal air and the irreversibility in the process? 

The combustion equation with X times theoretical air is 

CH 4 + 2X(02 + 3.76 N 2 ) ^ CO 2 + 2 H 2 O + 2(X-1)02 + 7.52X N 2 

Energy Eq.: Hgi, + = Hr = Hp = Hp + AHp = Hr + AHr 

^ AHp = Hr + AHr - Hp = -Hrp + 0 
From Table 14.3: -Hrp = -16.04 (-50 010)/2.326 = 344 867 Btu/lbmol 

AHp = Ahco 2 + 2 AhH 2 o + 2(X-1) Aho 2 + 7.52X Ahl^2 

From Table F .6 and the energy equation 

AHp 3200 = 33 579 + 2 X 26 479 + 2(X-1) 21 860 + 7.52X x 20 717 = 344 867 
so 

42 817+ 199 512 X = 344 867 => X= 1.514 

%Theoretical air = 151.4% 

The products are 

Products: CO 2 + 2 H 2 O + 0.9712 O 2 + 11.172 N 2 

The second law 



Q = 

“^gen 

Sp-Sr 

and I = 

T S 
^ 0 “^gen 


Reactants: P 

i = 14.7 psia, Pq = 

14.7 psia, 

Sp from Table F .6 and F.l 1 


Hi 

Yi 

0 

Sf 

YiPi 

-Rln p 

- Btu 

Ibmol R 

CH 4 

1 

1 

44.459 

0 

44.459 

O2 

2X 

0.21 

48.973 

3.099 

52.072 

No 

7.52 X 

0.79 

45.739 

0.468 

46.207 


Sj^ = ^ njSj = 728.21 Btu/R Ibmol fuel 
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Products: Pg = 14.7 psia, P^ = 14.7 psia, From Table F.6 



n; 

Yi 

_0 

®3200 

-Rln p 

- Btu 

Ibmol R 

C 02 

1 

0.06604 

72.160 

5.3966 

77.557 

H 20 

2 

0.13208 

61.796 

4.0201 

65.816 

02 

0.9712 

0.06413 

61.109 

5.4549 

66.564 

N 2 

11.172 

0.73775 

59.175 

0.6040 

59.779 


Sp = ^ njSj = 941.69 Btu/R Ibmol fuel; 

1 = TgCSp - Sr) = 536.67(941.69 - 728.21) = 114 568 Btu/lbmol fuel 
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14.144 

Two pound moles of ammonia are burned in a steady state process with x lb mol 
of oxygen. The products, consisting of H 2 O, N 2 , and the excess O 2 , exit at 400 F, 

1000 lbf/in. 2 . 

a. Calculate x if half the water in the products is condensed. 

b. Calculate the absolute entropy of the products at the exit conditions. 

2 NH 3 + XO 2 ^ SH^O + + (x - 1 . 5)02 

Products at 400 F, 1000 Ibf/in^ with n„,„ . = 1.5 

riZvJ riZvJ VAr 

_ Pg_ 247.1 _ 1.5 

^)yH 20 VAP“ P “ 1000 “ 1.5 + 1 + x- 1.5 

X = 5.070 


^PROD ^GAS MIX ^H20 LIQ 

Gas mixture: 



n. 

1 


-0 

s. 

1 

- yiP 

-Rliip 

^0 

s. 

1 

H^O 

1.5 

0.2471 

48.939 

-5.604 

43.335 

O2 

3.57 

0.5881 

52.366 

-7.326 

45.040 

N2 

1.0 

0.1648 

49.049 

-4.800 

44.249 


Sgasmix = 1-5(43.335) + 3.57(45.040) + 1.0(44.249) = 270.04 Btu/R 
Sj 32 oliq= 1-5[16.V07+ 18.015(0.5647 - 0.0877)] = 37.95 Btu/R 
SpROD = 270.04 + 37.95 = 307.99 Btu/R 
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14.145 


Graphite, C, at P^, is burned with air coming in at P^, 900 R in a ratio so the 
products exit at P^, 2200 R. Find the equivalence ratio, the percent theoretical air 
and the total irreversibility. 


C + x (02 + 3 . 76 N 2 ) ^ CO 2 + (x - 1)02 + 3.76 X N 



AH 


P,2200 



19659 + (x - 1)13136 + 3.76 x x x 12407 - x(2616 + 3.76 x 2541) 

= 0-(-169184) 

^ 6523 + XX 47616.2 = 169184 ^ x = 3.416, 


or 342 % theoretical air 

Equivalence ratio (j) = 1/x = 0.293 




0.1507 



yco2 = 0.0593 


S = 66.952 + 5.610 + 2.416(59.844 + 3.758) 

gen ^ ^ 

+ 3.76 X 3.416(56.066 + 0.468) - 1.371 
- 3.416(52.686 + 3.099 + 3.76(49.353 + 0.468)) 
= 120.5 Btu/(lbmol C x R) 

I = T^S = 64 677 Btu/lbmol C 

0 gen 
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14.146 

Repeat problem 14.127E, but assume that saturated-liquid oxygen at 170 R is 
used instead of 77 F oxygen gas in the eombustion process. Use the generalized 
charts to determine the properties of liquid oxygen. 

Problem the same as 14.127E, except oxygen enters at 2 as 

saturated liquid at 170 R. 

170 

At 170 R, T^2 = 278 6 ^ ^ Ah^= 5.1 

From Fig. D.2: 

(h - h) = 1.98589 x 278.6 x 5.1 = 2822 Btu/lbmol 

AHp^ = Hr + AHj^ - Hp + = 21647 - 0.5(2822) 

+ 0.5(0.219)(170 - 536.67)(32) + 103 966 - 1442 = 121 475 
With AHp^ - 120 071, AHp^ r “ 

^13 = 5045 R 
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14.147 


Hydrogen peroxide, H 2 O 2 , enters a gas generator at 77 F, 75 Ibf/in/ at the rate of 

0.2 Ibm/s and is decomposed to steam and oxygen exiting at 1500 R, 75 Ibf/in.^. 
The resulting mixture is expanded through a turbine to atmospheric pressure, 14.7 

Ibf/in.^, as shown in Fig. P 14.98. Determine the power output of the turbine, and 
the heat transfer rate in the gas generator. The enthalpy of formation of liquid H 2 

O 2 is -80541 Btu/lb mol. 


H2O2 


^H^O + ^O 



Up = mp /Mp = 0.2/34.015 = 0.00588 Ibmol/s 

Fu Fu Fu 

n , = 1.5 X Up = 0.00882 Ibmol/s 

ex,mix Fu 

C . =fx 0.445 x 18.015 + 7 x 0.219 x 31.999 = 7.6804 

p mix ^ 

C . =C . - 1.98588 = 5.6945 ; k . = C ./C . = 1.3487 

V mix p mix ’ mix p mix v mix 

Reversible turbine 

T 3 = T^ X = 1500 X (14.7/75)°-^^^^ = 984.3 R 


w = CpCT^ - T 3 ) = 7.6804(1500 - 984.3) = 3960.8 Btu/lbmol 
W„, =n . X w = 0.00882 X 3960.8 = 34.9 Btu/s 

CV mix 

C.V. Gas generator 

- Hj = 0.00588 x (-103 966 + 8306) + 0.00294(7297.5) 
- 0.00588(-80 541) = -67.45 Btu/s 
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Fuel Cells, Efficiency, and Review 


14.148 


In Example 14.16, a basic hydrogen-oxygen fuel cell reaction was analyzed at 
25°C, 100 kPa. Repeat this calculation, assuming that the fuel cell operates on air 
at 77 F, 14.7 Ibf/in.^, instead of on pure oxygen at this state. 


Anode: 2 H 


4 e' + 4 H 


+ 


Cathode: 4 + 4 e 


Overall: 2 + 1 


10, + 2H20 
2H^O 


Example 14.16| : = -474 283 kJ/kmol 


Or AG.,., p = -203 904 Btu/lbmol 

77 F 


Pq =yo 2 ^^ = 0-21 X 14.7 = 3.087 lbf/in2 

s^ =48.973 - 1.98589 In 0.21 =52.072 

AS = 2(16.707) - 2(31.186) - 1(52.072) = - 81.03 Btu/R 
AH = 2(-122 885) - 2(0) - 1(0) = -245 770 Btu/lbmol 
AG.^.^ P = -245 770 - 536.67(-81.03) = 202 284 Btu/lbmol 

E° = -AG/NqC n^ = 202 284 x 2.326/(96 485 x 4) = 1.219 V 
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14.149 


A small air-cooled gasoline engine is tested, and the output is found to be 2.0 hp. 
The temperature of the produets is measured and found to be 730 F. The produets 
are analyzed on a dry volumetrie basis, with the following result 11.4% CO 2 , 

2.9% CO, 1.6% O 2 and 84.1% N 2 . The fuel may be considered to be liquid 

oetane. The fuel and air enter the engine at 77 F, and the flow rate of fuel to the 
engine is 1.8 Ibm/h. Determine the rate of heat transfer from the engine and its 
thermal efficieney. 


aCgHjg + b02 + 3.76bN2 


II.4CO2 + 2.9CO + CH2O+ I.6O2 + 84.IN2 


b = 84.1/3.76 = 22.37, a = (1/8)(11.4 + 2.9) = 1.788, c = 9a =16.088 
CgHjg+ 12.5 O 2 +47.1 N 2 

6.38 CO 2 + 1.62 CO + 9 H 2 O + 0.89 O 2 + 47.1 N 2 


_ O 

a) = iif 


fC8H18 


= -107 526 Btu/lbmol 


Hp = 6.38(-169 184 + 6807) + 1.62(-47 518 + 4647) 

+ 9(-103 966 + 5475) + 0.89(0+4822) 

+ 47.1(0 + 4617) = -1 770 092 Btu/lbmol 

= -1 770 092 - (-107 526) = -1 662 566 Btu/lbmol 


H„ - H„ = 


1.8 


P “R 114^ 


= -26 198 + 2.0 (2544) = -21 110 Btu/h 


b) Fuel heating value from table 14.3 converted to Btu/lbm 


Qjj = 1.8 X (47 893/2.326) = 37 062 Btu/h 


= 2.0 X 2544 = 5088 Btu/h; p 


_ 5088 
TH “ 37062 


= 0.137 
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14.150 

A gasoline engine uses liquid oetane and air, both supplied at P^, T^,, in a 

stoiehiometric ratio. The products (complete combustion) flow out of the exhaust 
valve at 2000 R. Assume that the heat loss carried away by the cooling water, at 
200 F, is equal to the work output. Find the efficiency of the engine expressed as 
(work/lower heating value) and the second law efficiency. 


CgHjg + 12.5(02 + 3 . 76 N 2 ) ^ 8 CO 2 + 9 H 2 O + 47 N 2 

LHV = 44 425 x 114.232/2.326 = 2 181 753 Btu/lbmol fuel 
AHp 2 ooo = 8 x 16 982+ 9 X 13 183 +47 x 10 804 = 643 470 

C.V. Total engine: H. =H +W + Q, =H + 2W 

^ in ex ^loss ex 

W - (H.^ - Hg^)/2 - (Hj^ - Hp)/2 - (-Hjy, - AHp 2 qqq)/2 

= (2 181 753 - 643 470)/2 = 769 142 Btu/lbmol fuel 
= W/LHV = 769 142/2 181 753 = 0.353 

For 2nd law efficiency we must find reversible work 

S. = , + 12.5(s„ + 3.76s,. ) 

m fuel ^ O 2 N 2 ^ 

= 86.122 + 12.5[48.973 - 1.98589 In (1 / 4.76)] 

+ 47[45.739 - 1.98589 In (3.76 / 4.76)] 

= 2908.8 Btu/(lbmol fuel x R) 

Sex = Sico 2 + 9"h 20 + 47ij,2 = 8[65.677 - 1.98589 In (8 / 64)] 

+ 9[56.619 - 1.98589 In (^)] + 47[55.302 - 1.98589 In (^)] 
= 3731.1 Btu/(lbmol fuel x R) 

Assume the same out to 200 F = 659.67 R reservoir and compute 


s. +q;;®7t =s +q, /t 

in ^0 0 ex ^loss res 

Q!,"'^ = TTS -S. ) + Q, T7T 

^0 0^ ex in^ ^loss 0 res 

= 536.67(3731.1 - 2908.8) + 769 142*536.67/659.67 
= 1 067 034 Btu/lbmol fuel 


= H . - H - Q 

in ex ^ 


loss 


+Qr=w +Q 

^0 ac ^ 


rev 

0 


= 769 142 + 1 067 034 = 1 836 176 


Ti,=W = 769 142/1 836 176 = 0.419 

41 ac 
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14.151 

Ethene, C 2 H 4 , and propane, C 3 Hg, in a 1:1 mole ratio as gases are burned with 

120 % theoretieal air in a gas turbine. Fuel is added at 77 F, 150 Vo^lm.. and the 

air comes from the atmosphere, 77 F, 15 Ibf/in.^ through a compressor to 150 

Ibf/in.^ and mixed with the fuel. The turbine work is such that the exit 

temperature is 1500 R with an exit pressure of 14.7 Ibf/in.^. Find the mixture 
temperature before combustion, and also the work, assuming an adiabatic turbine. 


C.H. + C.H. + v^.(0^+3.76NJ ^ 5CO^ + 6H^O + 


2 4 


3 8 


02 


N2 2 


^ = 1 


Vq2 = 8 ^ = 1/1.2 


Vqi 9.6 


so we have 45.696 Ibmol air per 2 Ibmol fuel 


+ 9.6(0^ + 3.76NJ ^ 5CO^ + 6H,0 + 1.6 + 36.096N 


3 8 


C.V. Compressor (air flow) 


w . = h, - h, 

c,in 2 1 


S2 = Si 


P =P ,PJP, = 10.907 

r2 rl 2 1 


P , = 1.0907 

rl 

. = 1027.3 R 

2 air 


w . = 247.81 - 128.38 = 119.53 Btu/lbm = 3462.4 Btu/lbmol air 

c,in 


C.V. Mixing chamber 


n . h . . + n„ .h„ . + ~ (same) 


air air in 


fill fill 


exit 


(Cp., + Cpp-)(T - T„) = 45.696 Cp . (T, . - T ) 

^ PFl PF2^^ ex 0 ^ P air^ 2 air ex'^ 


Cppj = 11.53, Cpp 2 = 17.95, Cpair = 6.953 


45.696Cp aijT2 + (Cppi + Cpp2)T 


T = 

ex 


0 


CpFi + Cpp2 + 45.696C 


= 985.6 R = T. 


in combust 


Turbine work: take C.V. total and subtract compressor work. 


W, , =H. -H =Hp-Hp,,„„ 

total in out R P,1500 



36.096h 

N2 



= 22557 + (-44669) - 5(10557 - 169184) 

- 6(8306 - 103966) - 36.096 x 6925 - 1.6 x 7297.5 
= 1 083 342 Btu/2 Ibmol Fuel 
w^ = w, + w . = 1 083 342 + 3462.4 x 45.696 

T tot c,in 


= 1 241 560 Btu/2 Ibmol fuel 
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Concept-Study Guide Problems 

15.1 

Is the concept of equilibrium limited to thermodynamics? 

Equilibrium is a condition in which the driving forces present are 
balanced, with no tendency for a change to occur spontaneously. This concept 
applies to many diverse fields of study - one no doubt familiar to the student 
being that of mechanical equilibrium in statics, or engineering mechanics. 

15.2 

How does Gibbs function vary with quality as you move from liquid to vapor? 

There is no change in Gibbs function between liquid and vapor. For 
equilibrium we have gg = gf. 

15.3 

How is a chemical equilibrium process different from a combustion process? 

Chemical equilibrium occurs at a given state, T and P, following a 
chemical reaction process, possibly a combustion followed by one or more 
dissociation reactions within the combustion products. Whereas the combustion is 
a one-way process (irreversible) the chemical equilibrium is a reversible process 
that can proceed in both directions. 

15.4 

Must P and T be held fixed to obtain chemical equilibrium? 

No, but we commonly evaluate the condition of chemical equilibrium at a 
state corresponding to a given temperature and pressure. 

15.5 

The change in Gibbs function for a reaction is a function of which property? 

The change in Gibbs function for a reaction is a function of T and P. The 
change in standard-state Gibbs function is a function only of T. 
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15.6 

In a steady flow burner T is not controlled, which properties are? 

The pressure tends to be constant, only minor pressure changes due to 
acceleration of the products as density decreases velocity must increase to have 
the same mass flow rate. 


15.7 

In a closed rigid combustion bomb which properties are held fixed? 

The volume is constant. The number of atoms of each element is 
conserved, although the amounts of various chemical species change. As the 
products have more internal energy but cannot expand the pressure increases 
significantly. 

15.8 

Is the dissociation of water pressure sensitive? 

Yes, since the total number of moles on the left and right sides of the 
reaction equation(s) is not the same. 


15.9 

At 298 K, K = exp(-184) for the water dissociation, what does that imply? 

This is an extremely small number, meaning that the reaction tends to go 
strongly from right to left - in other words, does not tend to go from left to right 
(dissociation of water) at all. 

15.10 

For a mixture of O 2 and O the pressure is increased at constant T; what happens 
to the composition? 

An increase in pressure causes the reaction to go toward the side of 
smaller total number of moles, in this case toward the O 2 . 

15.11 

For a mixture of O 2 and O the temperature is increased at constant P; what 
happens to the composition? 


A temperature increase causes more O 2 to dissociate to O. 
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15.12 

For a mixture of O 2 and O I add some argon keeping eonstant T, P; what happens 
to the moles of O? 

Diluting the mixture with a non-reacting gas has the same effect as 
decreasing the pressure, causing the reaction to shift toward the side of larger total 
number of moles, in this case the O . 

15.13 

In a combustion process is the adiabatic flame temperature affected by reactions? 

The adiabatic flame temperature is decreased by dissociation reactions of 
the products. 

15.14 

When dissociations occur after combustion, does T go up or down? 

Dissociation reactions of combustion products lower the temperature. 

15.15 

In equilibrium Gibbs function of the reactants and the products is the same; how 
about the energy? 

The chemical equilibrium mixture at a given T, P has a certain total 
internal energy. There is no restriction on its division among the constituents. 

15.16 

Does a dissociation process require energy or does it give out energy? 

Dissociation reactions require energy and is thus endothermic. 

15.17 

If I consider the non-frozen (composition can vary) heat capacity, but still assume 
all components are ideal gases, does that C become a function of temperature? of 
pressure? 

The non-frozen mixture heat capacity will be a function of both T and P, 
because the mixture composition depends on T and P, while the individual 
component heat capacities depend only on T. 
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15.18 

What is K for the water gas reaetion in Example 15.4 at 1200 K? 

Using the result of Example 15.4 and Table A.l 1 

lnK= 0.5 [-35.736-(-36.363)] = + 0.3135 , K= 1.3682 


15.19 

Whieh atom in air ionizes first as T inereases? What is the explanation? 

Using Eig. 15.11, we note that as temperature inereases, atomic N ionizes 

to N"*", becoming significant at about 6-8000 K. N has a lower ionization potential 
compared to O or Ar. 


15.20 

At what temperature range does air become a plasma? 

Erom Eig. 15.11, we note that air becomes predominantly ions and 
electrons, a plasma, at about 10-12 000 K. 
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Equilibrium and Phase Equilibrium 
15.21 

Carbon dioxide at 15 MPa is injected into the top of a 5-km deep well in 
connection with an enhanced oil-recovery process. The fluid column standing in 
the well is at a uniform temperature of 40°C. What is the pressure at the bottom of 
the well assuming ideal gas behavior? 







CO 2 


cb 


(Z 1 -Z 2 ) = 5000 m, Pi = 15 MPa 

T = 40 °C = constant 
Equilibrium at constant T 

-Wrev = 0 = Ag + APE = RT In (P 2 /P 1 ) + g(Z 2 -Zi) = 0 


ln(P2/Pi) = 


9.807x5000 
1000x0.188 92x313.2 


0.8287 


P 2 = 15 exp(0.8287) = 34.36 MPa 
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15.22 

Consider a 2-km-deep gas well containing a gas mixture of methane and ethane at 

a uniform temperature of 30°C. The pressure at the top of the well is 14 MPa, and 
the composition on a mole basis is 90% methane, 10% ethane. Each component is 
in equilibrium (top to bottom) with dG + g dZ = 0 and assume ideal gas, so for 
each component Eq.15.10 applies. Determine the pressure and composition at the 
bottom of the well. 




Gas 

mixture 
A + B 

cb 


(Zj-Z^) = 2000 m. Let A = CH 4 , B = 

Pj = 14 MPa, = 0.90, ygj = 0.10 

T = 30 °C = constant 

Prom section 15.1, for A to be at equilibrium between 


1 and 2: 


Wrev - 0 - nA(GAi-GA2) + nAMAg(Zi-Z2) 


Similarly, for B; Wrev = 0 = nB(GBi-GB 2 ) + nBMBg(Zi-Z 2 ) 
Using eq. 15.10 for A; RT In (Pai/Pai) = MAg(Zi-Z 2 ) 
with a similar expression for B. Now, ideal gas mixture, Pai = yAiP> 


Substituting; In 


yA2P2 MAg(ZpZ2) 
YaiPi ~ RT 


and 


In 


yB2P2 MBg(ZpZ2) 

ysiPi RT 


. . ..X 16.04x9.807(2000) 

ln(yA 2 P 2 ) - ln(0.9xl4) + i000x8.3145x303.2 

=> yA2P2 = 14.2748 

. . XX X . , .X 30.07x9.807(2000) 

ln(yB 2 P 2 ) - ln(0.1xl4) + i000x8.3145x303.2 


= 2.6585 


= 0.570 43 


~ (l"yA2)P2 “ 1.V6903 

Solving: P 2 = 16.044 MPa & y ^2 = 0-8897 
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15.23 

A container has liquid water at 20”C , 100 kPa in equilibrium with a mixture of 

water vapor and dry air also at 20®C, 100 kPa. How mueh is the water vapor 
pressure and what is the saturated water vapor pressure? 


From the steam tables we have for saturated liquid: 

Pg = 2,339 kPa, Vf= 0.001002 m^/kg 

The liquid is at 100 kPa so it is eompressed liquid still at 20®C so from Eq.13.15 

giiq-gf=/vdP = Vf(P-Pg) 


The vapor in the moist air is at the partial pressure P.^, also at 20”C so we assume 
ideal gas for the vapor 


- gg = J* V dP = RT In 


P 


V 


vap &g 


p 


We have the two saturated phases so gf = gg ( q = hfg = Tsfg) and now for 
equilibrium the two Gibbs funetion must be the same as 


P 


gvap = gliq = RT In ^ + g = Vf (P - P ) + gf 

g 


leaving us with 


P 


. "V 0.001002(100-2.339) ^ 

Inp -Vf(P-Pg)/RT- 0.4615 x 293.15 -0-000723 


P^ = Pg exp(0.000723) = 2,3407 kPa. 

This is only a minute amount above the saturation pressure. For the moist air 
applieations in Chapter 12 we negleeted sueh differenees and assumed the partial 
water vapor pressure at equilibrium (100% relative humidity) is Pg. The pressure 

has to be mueh higher for this to be a signifieant differenee. 



Sonntag, Borgnakke and van Wylen 


15.24 

Using the same assumptions as those in developing Eq. d in Example 15.1, 
develop an expression for pressure at the bottom of a deep eolumn of liquid in 

terms of the isothermal compressibility, Eor liquid water at 20°C, P^ = 0.0005 

[1/MPa]. Use the result of the first question to estimate the pressure in the Pacific 
ocean at the depth of 3 km. 


d gx = v° (1 -PtP) dPx dgx + gdz = 0 

v° (1-PxP) dPx + g dz = 0 and integrate J’v°(l-PxP) dPx = - g fdz 

f (1-P,p) dP, = + ^ JJHdz => P-P„-P,][P^-P„-]=^H 

P(1-5PtP) = Po-2PtU+;^H 

v° = Vf2ox ^ 0-001002; H = 3000 m , g = 9.80665 m/s^; p^ = 0.0005 1/MPa 
P (1 -1 X 0.0005P) = 0.101 -1 X 0.0005 x 0.101^ 

+ [9.80665 X 3000/0.001002] x lO'^^ 

= 29.462 MPa, which is close to P 
Solve by iteration or solve the quadratic equation 

P = 29.682 MPa 
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15.25 

Calculate the equilibrium eonstant for the reaetion O 2 20 at temperatures of 
298 K and 6000 K. Verify the result with Table A.l 1. 

Reaetion O 7 <:^> 20 


At 25 “C (298.15 K): 

AH° = 2hJo - lhJo 2 = 2(249 170) - 1(0) = 498 340 kJ/kmol 
AS° = 2so- lso 2 = 2(161.059)- 1(205.148) = 116.97 kJ/kmolK 


AG° 


= AH° - TAS° = 498 340 - 298.15x116.97 = 463 465 kJ/kmol 


AG 


0 


In K = - = - 


463 465 


8.3145x298.15 


= -186.961 


At 6000 K: 

AH° = 2(249 170 + 121 264) - (0 + 224 210) = 516 658 kJ/kmol 

AS° = 2(224.597) -1(313.457) = 135.737 kJ/kmol K 

AG° = 516 658 - 6000x135.737 = -297 764 kJ/kmol 

+297 764 

111 K = 0 ^ 1 .^ ^nnn = +5.969 
8.3145x6000 
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15.26 

For the dissociation of oxygen, O 2 <=^> 20, around 2000 K we want a 

mathematical expression for the equilibrium constant K(T). Assume constant heat 
capacity, at 2000 K, for O 2 and O from Table A.9 and develop the expression 

fromEqs. 15.12 and 15.15. 


From Eq. 15.15 the equilibrium constant is 


AG 


0 


K = exp(-^); 


AG° = AH° - T AS° 


and the shift is 


AGO = 2 ho - ho2 - T(2§o - § 0 .) 


-O -O 


Substitute the first order approximation to the functions h and s” as 


h = ^2000 K + Cp (T - 2000); s° = §2000 k + Cp In 2 qqq 
The properties are from Table A.9 and R = 8.3145 kJ/kmol K 
Oxygen O 2 : 62000 k ^ 59 176 kJ/kmol, S2000 K ^ 268.748 kJ/kmol K 


T 


Cp = 


62200 K “ 62200 K 66 770 - 51 674 


2200 - 1800 


400 


= 37.74 kJ/kmol K 


Oxygen O; 62000 k ^ 35 713 + 249 170 = 284 883 kJ/kmol, 


S2000 K ^ 201.247 kJ/kmol K 


Cp = 


62200 K “ 62200 K 39 878 - 31 547 


2200 - 1800 


400 


= 20.8275 kJ/kmol K 


Substitute and collect terms 


AG° AH° AS 


0 


RT RT R 


2000 2000 r T - 2000 , 

^-I ---In 


T 


AS 


0 

2000 


RT 


R 


T 


2000 


R 


Now we have 

AH 2000 /R = (2 X 284 883 - 59 176)/8.3145 = 61 409.6 K 
ACp 2 ooo/R= (2 X 20.8275 - 37.74)78.3145 = 0.470864 

AS 2000 /R = (2 X 201.247 - 268.748)78.3145 = 16.08587 


so we get 
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61 409.6 
T ^ 

60 467.9 
T 


rrn 

0.470864 [ ~T ~^^200o]~ 16.08587 
15.615-0.470864 


Now the equilibrium constant K(T) is approximated as 



60 467.9 
T 


T 

+ 0.470864 In 2 qqq 



Remark: We could have chosen to expand the function AG*’/ RT as a linear 
expression instead or even expand the whole exp(-AG*’/ RT) in a linear function. 
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15.27 

Calculate the equilibrium constant for the reaction H 2 2H at a temperature of 

2000 K, using properties from Table A. 9. Compare the result with the value listed 
in Table A.l 1. 

From Table A. 9 at 2000 K we find: 

Ahjj = 52 942 kJ/kmol; s^ = 188.419 kJ/kmol K; h^ = 0 

Ahy = 35 375 kJ/kmol; s^ = 154.279 kJ/kmol K; h^ = 217 999 kJ/kmol 

AG° = AH - TAS = - T (S°j^g - 

= 2 X (35 375 + 217 999) - 52943 - 2000(2x154.279 - 182.419) 

= 213 528 kJ/kmol 

In K = -AG°/RT =-213 528 / (8.3145 x 2000) =-12.8407 
TableA.il In K=-12.841 OK 
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15.28 

Plot to scale the values of In K versus 1/7 for the reaction 2 CO 2 <=^> 2 CO + O 2 
Write an equation for In if as a function of temperature. 

2 CO 2 ^ 2 CO + 1 O 2 


T(K) 

10 ^ X Y 

InK 

T(K) 

10 ^ X Y 

InK 

2000 

5.000 

-13.266 

4000 

2.500 

3.204 

2400 

4.167 

-7.715 

4500 

2.222 

4.985 

2800 

3.571 

-3.781 

5000 

2.000 

6.397 

3200 

3.125 

-0.853 

5500 

1.818 

7.542 

3600 

2.778 

1.408 

6000 

1.667 

8.488 


For the range 
below ~ 5000 K, 

lnK« A + B/T 

Using values at 
2000 K & 5000 K 

A = 19.5056 
B = -65 543 K 
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15.29 


Calculate the equilibrium constant for the reaction: 2 C 02 2CO + O 2 at 3000 K 
using values from Table A.9 and compare the result to Table A.l 1. 

From Table A.9 we get: 


kJ/kmol 

kJ/kmol 

kJ/kmol K 

Ahco = 93 504 

hJco = -110 527 

S( 2 o = 273.607 

Ahco = 152 853 

iif CO 2 = -393 522 

Sco^ ^ 334.17 


_0 


Aho =98 013 
^2 

hf O 2 = 0 

So =284.466 

2 


AGO = AH - TAS = 2 - 2 - T (2sco + Sq^ - 2sco ) 


= 2 (93 504 - 110 527) + 98 013 + 0 - 2(152 853 - 393 522) 
-3000(2x273.607 + 284.466 - 2x334.17) = 55 285 kJ/kmol 

In K = -AQO/RT = -55 285/ (8.31451x3000) = -2.2164 
TableA.il In K=-2.217 OK 
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15.30 

Consider the dissociation of oxygen, O 2 2 O, starting with 1 kmol oxygen at 

298 K and heating it at constant pressure 100 kPa. At which temperature will we 
reach a concentration of monatomic oxygen of 10%? 


Look at initially 1 mol Oxygen and shift reaction with x 

O, ^ 20 


Initial 1 

0 


Change -x 

2 x 


Equil. 1-x 

2 x 

’^tot = l- x + 2 x=l+x 




x = 0.1/(2-0.1) = 0.0526, yo 2 = 0-9 




0 . 1 ^ 

0.9 


1 = 0.01111 


In K = -4.4998 


Now look in Table A.l 1: 


T = 2980 K 
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15.31 


Pure oxygen is heated from 25°C to 3200 K in an steady flow proeess at a 
constant pressure of 200 kPa. Find the exit composition and the heat transfer. 


The only reaction will be the dissociation of the oxygen 

<=^> 20 ; FromA.il: K(3200) = exp(-3.069) = 0.046467 

Look at initially 1 mol Oxygen and shift reaction with x 


11^2 = 1 - = 2x; = 1 + x; yi = n/n 


o 


tot 




y 


x 2 = 


02 

K/8 


1 +K/8 


f = 


4x 


(1 +x)2 1 - X 


1 + x 8x 

2 = 


1 -X 


X = 0.07599; 


yo 


= 0.859; yQ = 0.141 


q = ^02exho2ex + ^Oex^Oex ' ^ 02 ::. = + ^>^^02^02 + yo^^o) ' ^ 

h^ = 106 022 kJ/kmol; h^ = 249 170 + 60 767 = 309 937 kJ/kmol 

U2 u 

q = 145 015 kJ/kmol O, 


q = q/32 = 4532 kJ/kg ( = 3316.5 if no reaction) 
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15.32 


Nitrogen gas, N 2 , is heated to 4000 K, 10 kPa. What fraction of the N 2 is 
dissociated to N at this state? 


No <=> 2N 


T = 4000K, lnK=-12.671 


Initial 

Change 

Equil. 


-X 


1-x 


2x 

2x 


K = 3.14x10 


-6 


nj^Qj^ = l- x + 2x=l+x 


yN2 


1 -X 

1 +x 


K = 


2 

yN 


pV-1 


yN2 lyPo 

1-x 


yN 


2x 
1 +x 


=> 3.14x10-6 = 


4x^ no 


l-x2 UOO 


=> X = 0.0028 


yN2 = TT^ = 0*9944, 


2x 

= 1 + X 


= 0.0056 
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15.33 

Hydrogen gas is heated from room temperature to 4000 K, 500 kPa, at whieh state 
the diatomie speeies has partially dissoeiated to the monatomie form. Determine 
the equilibrium eomposition at this state. 


H2^2H 

-X +2x 



/Py-i 

(l-x)(l+x) 


2.545 

4x(500/100) 


= 0.127 25 


Equil. 


Uj^ = 0 + 2x 
n = 1 + X 


at 4000 K: In K = 0.934 => K = 2.545 


X 


1-x 


Solving, X = 0.3360 


nj^2 ^ 0-664, n^^ = 0.672, ntot= 1.336 
Yhi = 0.497, = 0.503 
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15.34 


One kilomole Ar and one kilomole O 2 are heated up at a constant pressure of 100 
kPa to 3200 K, where it comes to equilibrium. Find the final mole fractions for 
Ar, O 2 , and O. 

The only equilibrium reaction listed in the book is dissociation of O 2 . 


So assuming that we find in Table A. 10: 


ln(K) = -3.072 


Ar + O 2 


Ar + (1 - x) 02 + 2x0 


The atom balance already shown in above equation can also be done as 


Species 

Start 

Change 

Total 


Ar 


O 


O 


-X 


2x 


1-x 2x 


The total number of moles is Uj^j = l + l-x + 2x = 2 + x so 

Yat = 1/(2 + x); yo 2 = 1 - x/(2 + x); yo = 2x/(2 + x) 
and the definition of the equilibrium constant = P^) becomes 


K = e'^°^2 = 0.04633 = 


Yo 


4x 


Yo^ (2 + x)( 1 - x) 


The equation to solve becomes from the last expression 

(K + 4)x2 + Kx - 2K = 0 
If that is solved we get 

X = -0.0057 ± 0.1514 = 0.1457; x must be positive 
yQ = 0.1358; yg =0.3981; yAr = 0.4661 



Sonntag, Borgnakke and van Wylen 


15.35 


Consider the reaetion 2 CO 2 2 CO + O 

3000 K. Find the equilibrium constant from the shift in Gibbs function and verify 
its value with the entry in Table A.l 1. What is the mole fraction of CO at 3000 K, 


2 obtained after heating 1 kmol CO 2 to 


100 kPa? 


From Table A.9 we get: 


Ahco = 93 504 

hJco = -110 527 

Soo = 273.607 

Ahco = 152 853 

iif CO 2 = -393 522 

SCO 2 ^ 334.17 

Aho =98 013 

So =284.466 



AG" = AH - TAS = 2 - 2 - T (2sco + - 2sco,) 

= 2 (93 504 - 110 527) + 98 013 + 0 - 2(152 853 - 393 522) 
-3000(2x273.607 + 284.466 - 2x334.17) = 55 285 

In K = -AG°/RT = -55 285/ (8.31451x3000) = -2.2164 
TableA.il In K=-2.217 OK 


At 3000 K, 

In K =-2.217 
K = 0.108935 


2 CO 2 ^ 2 CO + 1 0^ 

Initial 1 0 0 

Change _ -2z +2z _+z 

Equil. l-2z 2z z 


We have P = P° = 0.1 MPa, and nj^j = 1 + z, so from Eq. 15.29 


K = 


ycoyo2 p f 2z ^2/ - " 


^C02 ^ 


(r,0) “ 


V 


1 -2z 




V 


1 + zj 


(1) = 0.108935 ; 


.3 _ 


4z^ = 0.108935 (1 - 2zni + z) => z = 0.22 


y(^Q = 2z / (1 + z) = 0.36 
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Air (assumed to be 79% nitrogen and 21% oxygen) is heated in a steady state 
proeess at a eonstant pressure of 100 kPa, and some NO is formed. At what 
temperature will the mole fraetion of N.O be 0.001? 

0.79 N, + 0.21 O- heated at 100 kPa, forms NO 


N2 + 02^2N0 

-X -X +2x 


2x 


At exit, y^^Q = 0.001 =Y^ 


^N2 ^ 0-7895, nQ2 = 0.2095 


^N2^02 ^ 


10 


-6 


0.7895x0.2095 


From Table A. 10, T = 1444 K 


nN2 = 0.79 - X 

nQ2 = 0.21 - X 

nNo = 0 +2x 

ntot =1.0 

X = 0.0005 


6.046x10-'^ or lnK =-12.016 
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15.37 

The combustion products from burning pentane, with pure oxygen in a 

stoichiometric ratio exists at 2400 K, 100 kPa. Consider the dissociation of only 
CO^ and find the equilibrium mole fraction of CO. 

CgHj2 + 8 O 2 ^ 5 CO 2 + 6 H,0 

At 2400K, 

In K =-7.715 Initial 

K = 4.461 X lO-'^ Change 

Equil. 

Assuming P = P° = 0.1 MPa, and nf^^ = 5 + z + 6 = ll+z 

2 

^ 00^07 p f 2z V f z ^ 

K=^(^) = [jT^ [tTT^ (1) = 4.461 xlO-^ 

_yC02 V ^ V / 

Trial & Error (compute EHS for various values of z): z = 0.291 

Uco =4.418; nj2Q = 0.582; n^ =0.291 => y^^Q = 0.0515 


2 CO 2 ^ 2 CO + 1 
5 0 0 

-2z _ +2z _ ±z 

5-2z 2z z 
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15.38 

Find the equilibrium eonstant for the reaetion 2NO + 2 NO 2 from the 

elementary reaetions in Table A.l 1 to answer whieh of the nitrogen oxides, NO or 
NO 2 , is the more stable at ambient conditions? What about at 2000 K? 

2NO + 02^2N02 (1) 

But N 2 + O 2 ^ 2 NO (2) 

N 2 +2 02^2N02 (3) 

Reaction 1 = Reaction 3 - Reaction 2 

^ AG? = AG3-AG2 => lnKj = lnK3-lnK2 

At 25 °C, from Table A. 10: InK^ = -41.355 - (-69.868) = +28.513 

or Kj =2.416x10^2 

an extremely large number, which means reaction 1 tends to go very strongly 
from left to right. 

At2000K: InK^ =-19.136 - (-7.825) = - 11.311 or = 1.224 x 10'^ 

meaning that reaction 1 tends to go quite strongly from right to left. 
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15.39 


Pure oxygen is heated from 25°C, 100 kPa to 3200 K in a eonstant volume 
eontainer. Find the final pressure, eomposition, and the heat transfer. 


As oxygen is heated it dissociates 


20 


In K =-3.069 fromtableA.il 

eq 


C. V. Heater: = jQ 2 = H 2 - - P^v + P^v 

Per mole O^: ^^2 ^ ^2 ' ^1 ^ 

Shift X in reaction 1 to have final composition: (1 - x)0, + 2x0 


ni = l 


yo22 


n2=l-x + 2x=l+x 
(1 - x)/(l + x) ; yQ 2 = 2x/(l + x) 


Ideal gas and V 2 = 


^2 


P2/Po = (1+x)T2/Ti 


Substitute the molefractions and the pressure into the equilibrium equation 




Yo /P2 


eq 


yoj 'Po 
2 T 


^P„^ ^1 


(V^) (^) (^) 


+ x^ M - X 


^ = = 0.00433 


1 -X T 


X = 0.0324 


The final pressure is then 

^2 3200 

P 2 = P^(1 +x)^= 100(1 + 0.0324) 1108 kPa 

(n^ >2 = 0.9676, (nQ)2 = 0.0648, n2 = 1.0324 

jq 2 = 0.9676 x 106022 + 0.0648 (249170 + 60767) - 0 

+ 8.3145 (298.15 - 1.0324 x 3200) = 97681 kJ/kmolO 


0.9676 
^0,2 1.0324 


0.0648 


^02 1.0324 0-0628 
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15.40 

A mixture of 1 kmol carbon dioxide, 2 kmol carbon monoxide, and 2 kmol 

oxygen, at 25°C, 150 kPa, is heated in a constant pressure steady state process to 
3000 K. Assuming that only these same substances are present in the exiting 
chemical equilibrium mixture, determine the composition of that mixture. 


initial mix; 


1 CO^, 2 CO, 

2 0 , 



Constant 

pressure 

reactor 




Equil. mix: 
CO,, CO, O, at 

T = 3000 K, 
P= 150kPa 


Reaction 

initial 

change 

equil. 


2 CO, 

« 2CO 

+ ^2 

1 

2 

2 

-2x 

+2x 

+x 

(l-2x) 

(2+2x) 

(2+x) 


From A. 10 at 3000 K: K = exp(-2.217) = 0.108935 
For each n > 0 ^ -l<x<+| 


K = 

or 


ycoyo2/Pxi ./l+xx2/2+xx/150 


yco2 




l+X\2/2+X 

5+x 



)= 0.018 156, Trial & error; X = 


-0.521 


^002 = 2-042 
Uco = 0.958 



1.479 

4.479 





yco2 = 0.4559 
yco =0.2139 
y^, = 0.3302 
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15.41 

Repeat the previous problem for an initial mixture that also ineludes 2 kmol of 
nitrogen, whieh does not dissoeiate during the proeess. 


This problem has a dilution of the reantant with nitrogen. 



Equilibrium mix: 

CO 2 , CO, O 2 and N 2 

at T = 3000 K,P= 150 kPa 


Reaetion 

initial 

change 

equil. 


2 C 02 

^ 2CO 

+ O 2 

1 

2 

2 

-2x 

+2x 

+x 

(l-2x) 

(2+2x) 

(2+x) 


From A. 10 at 3000 K: K = exp(-2.217) = 0.108935 
For each n > 0 ^ -l<x<+y 


Equilibrium: ^ ‘ = (2 + 2x), = (2 + x). 



n.... =2 so then n = 7 + x 

N2 tot 







= 0.295 yQ2 
= 0.164 y^2 




0.235 

0.306 
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15.42 

One approach to using hydrocarbon fuels in a fuel cell is to “reform” the 
hydrocarbon to obtain hydrogen, which is then fed to the fuel cell. As a part of the 
analysis of such a procedure, consider the reforming section and determine the 
equilibrium constant for this reaction at a temperature of 800 K. 


For CH^, use Cp^ at ave. temp., 550 K. Table A.6, Cp^ = 49.316 kJ/kmol K 
a) Co K = h? + CppAT = -74 873 + 49.316(800-298.2) = -50 126 kJ/kmol 


^ 00 K= 186.251 +49.316 In^^ = 234.918 kJ/kmolK 
For CH^ + H^O ++ 3 H 2 + CO 

AHgoo K = 3(0+14 681) + 1(-110 527+15 174)- l(-50 126) 

- 1(-241 826+18 002) = +222 640 kJ/kmol 

ASgoo K = 3(159.554) + 1(227.277) - 1(234.918) - 1(223.826) 


= +247.195 kJ/kmolK 


AG° = AH'^ - TAS'^ = 222 640 - 800(247.195) = +24 884 kJ/kmol 


0 


0 _ 


AG 


0 


In K = - = 


-24 884 


RT 8.3145x800 


= -3.7411 


=> K = 0.0237 
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15.43 

Consider combustion of methane with pure oxygen forming carbon dioxide and 
water as the products. Find the equilibrium constant for the reaction at 1000 K. 
Use an average heat capacity of Cp = 52 kJ/kmol K for the fuel and Table A.9 for 
the other components. 

For the reaction equation, 

CH^ + 2 O 2 ^ CO 2 + 2 H^O 

At 1000K 

^H?ooo K = l(-393 522 + 33 397) + 2(-241 826 + 26 000) 

- l[-74 873 + 52(1000-298.2)] - 2(0 + 22 703) 

= - 798 804 k.T/kmol 

AS?oook= 1x269.299 + 2x 232.739- 1(186.251 +ln^^)-2 x243.579 

= 487.158 kJ/kmolK 

^Gioook ^ ^Hjocok 'T ASioook 

= - 798 804 - 1000 x 487.158 = - 1 285 962 kJ/kmol 
AG° + 1 285 962 

lnK = -“5T^= UlTTUTiwi “+ 154.665 , K= 1,4796 E 67 

Kl 8.3145x1000 


This means the reaction is shifted totally to the right. 
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15.44 


<:^> 2 NO 2 from the 
elementary reaction in Table A.l 1 to answer these two questions. Which of the 
nitrogen oxides NO or NO 2 is the more stable at 25°C, 100 kPa? At what T do we 
have an equal amount of each? 


Find the equilibrium constant for the reaction: 2NO + O 2 


The elementary reactions are the last two ones in Table A. 11: 


a) N 2 + O 2 
Actual reaction is : 


^ 2NO 

c = b - a 


b) N 2 + 2 O 2 ^2N02 

ln(K,) = In(Kb) - ln(K,) 


At25®C (approx. 300 K) TableA.il: In(Kjj) =-69.868; ln(K^,) =-41.355 

so now: 

ln(Kc) =-41.355 + 69.868 = 28.5 ^ Kc = 2.4xl0^2 

meaning reaction is pushed completely to the right and NO 2 is the stable 
compound. Assume we start at room T with 1 kmol NO 2 : then 



NO 

02 

N 02 

TOT 

start 

0 

0 

1 


change 

2x 

X 

-2x 


Final 

2x 

X 

l-2x 

1+x 


Equal amount of each 

1 2x 

y(NO) = = y(N02) = ^ x = 0.25 



0.5^ 

4 X 0.25^ 



ln(K) = 1.386 


We quickly see 

ln(K) at 500 K = -30.725 + 40.449 = 9.724 
ln(K) at 1000 K= -23.039 + 18.709 = -4.33 

Linear interpolation T = 500 + 0.406 x 500 = 703 K 
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15.45 

The equilibrium reaction as: CH 4 <:^> C + 2 H 2 . has \nK= -0.3362 at 800 K and 

\ nK = -4.607 at 600 K. By noting the relation of K to temperature show how you 
would interpolate In K in (1/7) to find K at 700 K and compare that to a linear 
interpolation. 


A.ll: In K = -0.3362 at 800K 


In K = -4.607 at 600K 


1 


1 


InKyoo 


700 


800 

— X (-4.607 + 0.3362) 


600 ■ 800 


= -0.3362 + 


800 

700 


-1 


800 

600 


X (-4.2708) =-2.1665 


-1 


Linear interpolation: 


lnK„„„ = lnK,„„ + (InK^^^ - InK^^J 


700 


600 8 00 -600 


1 


600 


= -4.607 + 2 (-0.3362 + 4.607) = -2.4716 
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Water from the combustion of hydrogen and pure oxygen is at 3800 K and 50 
kPa. Assume we only have H 2 O, O 2 and H 2 as gases find the equilibrium 

composition. 


With only the given components we have the reaction 

2 H^O ^ 2H2 + O2 

which at 3800 K has an equilibrium constant from A. 11 as In K = -1.906 
Assume we start with 2 kmol water and let it dissociate x to the left then 


Species 

H 2 O 

H 2 

O 2 

Initial 

2 

0 

0 

Change 

-2x 

2x 

X 

Final 

2-2x 

2x 

X Tot: 2 + x 


Then we have 


K = exp(-1.906) = 2 


^H2 ^02 




y 


H20 


p 


0 


2x 


X 


2+1-2 v2 + xy 2 + x 50 




2 - 2xV 100 

2 + x 


which reduces to 


0.148674 = 


1 


4x^ 1 1 

or x3 = 0.297348 (l-xy(2 + x) 


(l.x)2 2 + x 4 2 


Trial and error to solve for x = 0.54 then the concentrations are 



2 - 2x 

2 + x yQ 2 


^ = 0.213; 



2x 

2 + x 


0.425 
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15.47 


Complete combustion of hydrogen and pure oxygen in a stoichiometric ratio at 
Tq to form water would result in a computed adiabatic flame temperature of 4990 
K for a steady state setup. 

a. How should the adiabatic flame temperature be found if the equilibrium reaction 
2 H 2 + O 2 <=^> 2 H^O is considered? Disregard all other possible reactions 

(dissociations) and show the final equation(s) to be solved. 

b. Which other reactions should be considered and which components will be 
present in the final mixture? 


a) 


2H2 + O2 « 2H2O 


Species H 


Hp = = H° + AHp = H° = 0 Initial 

Shift 


2 


-2x 


O 


1 


-X 


Final 


H^O 

0 

2 x 


2 -2x 1-x 2x 


^H20 P 


njQj = 2-2x + 1-x + 2x = 3-x 


= (2-2x)Ahj^_ + (1 -x)Ah^_ + 2x(h 


p 


O 2 


O 

fH20 




Keq = 


4x^ (3-x)^ 3-x x^(3-x) 


h 


O 

fH20 


(3-x)2 (2-2xf 1-x (l-x)3 Keq(T) 

= -241826; Ah„(T), Ah^(T), Ah„_HT) 


( 2 ) 


O 2 


H 2 O 


Trial and Error (solve for x,T) using Eqs. (1) and (2). 


yo2 = 0.15; 

b) At 3800 K 


( 1 ) 


= yH20 = o-56] 

Keq = (Reaction is times -1 of table) 


x"(3-x)(l-x)--’= e 


-3 _ „1.906 _ 


2 x 


= 6.726 

1 -x 


X = 0.5306 


2 -2x 




=0.43; y„ =0.19; y„ =~; =0.38 

3-x ’ 3-x ’ 3-x 


c) 0ther possible reactions from table A. 10 


H2^2H 


02^2 0 


2 H20 ^ H 2 + 2 0H 
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15.48 

The van't Hoff equation 


d In K = 



relates the ehemieal equilibrium eonstant K to the enthalpy of reaetion AH°. From 
the value of K in Table A.l 1 for the dissoeiation of hydrogen at 2000 K and the 
value of ah” caleulated from Table A.9 at 2000 K use van’t Hoff equation to 
prediet the eonstant at 2400 K. 


H2^2H 

AH° = 2 X (35 375+217 999) - 52 942 = 453 806 kJ/kmol 
^^^2000 ~ -12.841, 

Assume AH° is eonstant and integrate the Van’t Hoff equation 


2000 

r - 2 AH° 1 1 

lnK 24 oo - = J (AHVRT )dT = - ^ 

24QQ 2400 2000 


1 ^^ 1^2400 ^^^^2000 ^T 


1 


1 


■ T 

2400 2000 


)/R 


= -12.841 +453 806 ( 


6-5 


12000 


)/8.31451 =-12.841 +4.548 


= -8.293 


Table A. 11 lists -8.280 (AH° not exaetly eonstant) 
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Gasification of char (primarily carbon) with steam following coal pyrolysis yields 
a gas mixture of 1 kmol CO and 1 kmol We wish to upgrade the hydrogen 

content of this syngas fuel mixture, so it is fed to an appropriate catalytic reactor 
along with 1 kmol of H^O. Exiting the reactor is a chemical equilibrium gas 

mixture of CO, H^, H^O, and CO^ at 600 K, 500 kPa. Determine the equilibrium 

composition. Note: see Example 15.4. 


Chem. Equil. Mix 600 K 

CO, H^, H^O, CO 2 500 kPa 


(1) 1 CO + 1 H^O ^ 1 CO 2 + 1 H 

-X -X +x +x 


1 CO + 1 H 




+ 1 H^O 


Constant 

pressure 

reactor 



(2)2H20^2H2 + 1 O 


(l) = ^(2)-^(3) 


2 


(3) 2 CO 2 ^ 2 CO + 1 O 


In Kj = |[-85.79-(-92.49)]= +3.35, = 28.503 


Equilibrium: 


Uco 1 -X, nj^2o 


^H2=l 

’ V V Vp'J/ 

^co^mo ^ 

y C02^ H2 

^coy H20 



+ X = 0.7794 




n 

y 

% 

CO 

0.2206 

0.0735 

7.35 

H^O 

0.2206 

0.0735 

7.35 

CO2 

0.7794 

0.2598 

26.0 

H2 

1.7794 

0.5932 

59.3 
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Consider the water gas reaetion in Example 15.4. Find the equilibrium eonstant at 
500, 1000, 1200 and 1400 K. What ean you infer from the result? 

As in Example 15.4, III H 2 + CO 2 <=^> H 2 O + CO 

I 2 CO 2 ^ 2 CO + O 2 

II 2 H 2 O ^ 2 H 2 + O 2 

Then, In Km = 0.5 (In Kj - In Kjj ) 

At 500 K, InKni = 0.5 (-115.234 - (-105.385)) = -4.9245, 

K = 0.007 266 

At 1000 K, In Kni = 0.5 (-47.052 - (- 46.321)) = - 0.3655 , 

K = 0.693 85 

At 1200 K, In Kni = 0.5 (-35.736 - (-36.363)) = + 0.3135 , 

K= 1.3682 

At 1400 K, In Kni = 0.5 (-27.679 - (-29.222)) = + 0.7715 , 

K = 2.I63 

It is seen that at lower temperature, reaetion III tends to go strongly from right to 
left, but as the temperature increases, the reaction tends to go more strongly from 
left to right. If the goal of the reaction is to produce more hydrogen, then it is 
desirable to operate at lower temperature. 
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Catalytic gas generators are frequently used to decompose a liquid, providing a 
desired gas mixture (spacecraft control systems, fuel cell gas supply, and so 
forth). Consider feeding pure liquid hydrazine, N^H^, to a gas generator, from 

which exits a gas mixture of N^, li 2 , and NH^ in ehemieal equilibrium at 100°C, 
350 kPa. Calculate the mole fraetions of the speeies in the equilibrium mixture. 

Initially, 2 N 2 H 4 ^ 1 N 2 + 1 H 2 + 2 NH 3 


then. 

N 2 + 

3 H 2 

++ 2 NH 3 

initial 

1 

1 

2 

ehange 

-X 

-3x 

+ 2 x 

equil. 

( 1 -x) 

(l-3x) 

( 2 + 2 x) 


^TOTAL 



2 

Ynhs 

yN2yH2 


/^Y2 ^ (2+2x)^(4-2x)^ /350 y2 

“ (1-x)(1-3x)3 M002 


At 100 °C = 373.2 K, for NH 3 use A.5 Cp^ = 17.03x2.130 = 36.276 

hNH 3 = -45 720 + 36.276(373.2-298.2) = -42 999 kJ/kmol 

373 2 

Snh 3 = 192.572 + 36.276 ln|^ = 200.71 kJ/kmol K 


Using A. 8 , 

AhJooc = 2(-42 999) - 1(0+2188) - 3(0+2179) = -94 723 kJ 
AsJoo c = 2(200.711) - 1(198.155) - 3(137.196) = -208.321 kJ/K 


0 


AGioo c = - TAS'^ = -94 723 - 373.2(-208.321) = -16 978 kJ 


0 _ 


^ AG^ 

In K = - = 


+16 978 


RT 8.3145x373.2 


= 5.4716 


=> 


K = 237.84 


Therefore, 


(l+x)( 2 -x) 

(l-3x) 


1 


(l-x)(l-3x) 


237.84x3.5^ 

16 


By trial and error, x = 0.226 




n 


n 


N2 = 0.774 n^333 = 2.452 
332 =0.322 n.3,Q.3, = 3.518 


Ym. =0.2181 




N2 

Yhi 


= 0.0908 


Ynhs 0.6911 


182.096 
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A piston/cyUnder contains 0.1 kmol hydrogen and 0.1 kmol Ar gas at 25°C, 200 
kPa. It is heated up in a constant pressure process so the mole fraction of atomic 
hydrogen is 10%. Find the final temperature and the heat transfer needed. 

When gas is heated up splits partly into H as 


2H and the gas is diluted with Ar 


Component 

^2 

Ar 

H 


Initial 

0.1 

0.1 

0 


Shift 

-X 

0 

2x 


Final 

0.1-x 

0.1 

2x 

Total = 0.2 + X 


y^j = 0.1 = 2x/(0.2+x) ^ 2x = 0.02+0. lx ^ x = 0.010526 


a =0.21053 

tot 


yH 2 = 0.425 = [(0.1-x)/(0.2+x)]; y. = 1 - rest = 0.475 


Ar 


Do the equilibrium constant: 


K(T) = — (4)^'^ 


= ( 


0.01 N /200 

X 


) 




0.425^ " M007 


0.047059 


In (K) = -3.056 so from Table A. 10 interpolate to get T = 3110 K 
To do the energy eq., we look up the enthalpies in Table A.8 at 31 lOK 


hj^2 = 92 829.1; h^^ = 217 999 + 58 447.4 = 276 445.4 (= h^+ Ah) 
h^ = Cp(3110-298.15) = 20.7863 x (3110-298.13) = 58 447.9 
(same as Ah for H) 

Now get the total number of moles to get 

1 “X 

n„ = 0.021053; n„, = a x ::r;— = 0.08947; n. =0.1 

H ’ H2 tot 2+X Ar 

Since pressure is constant W = PAV and Q becomes differences in h 

Q = nAh = 0.08947 x 92 829.1 - 0 + 0.021053 x 276 446.4 


-0 + 0.1 X 58 447.9 


= 19 970 kJ 
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A tank contains 0.1 kmol hydrogen and 0.1 kmol of argon gas at 25°C, 200 kPa 
and the tank keeps eonstant volume. To what T should it be heated to have a mole 
fraetion of atomie hydrogen, H, of 10%? 


For the reaetion H, <:^> 2H , 




Assume the dissociation shifts right with an amount x then we get 


reaetion 

H 2 

initial 

0.1 

ehange 

-X 

equil. 

0.1 - X 


2 x 


0.2 + x 


<:^> 2 H also, 

0 

2x 

2x 


Ar 

0.1 

0 

0.1 Tot: 0.2+ x 


= 0.10 ^ x = 0.010526 


We need to find T so K will take on the proper value, sinee K depends on P we 
need to evaluate P first. 


PjV = njRTj; P^V = n^RT 



= P 


^ 2^2 

inJi 


where we have n^ = 0.2 and n^ = 0.2 + x = 0.210526 


K = 


yh 


.^x 2 -i (2x)^ 200 112 T 2 

W “10.1- 


y^^ T"" (0.1-x)n 2 100 0.2 x 298.15 


= 0.0001661 T 


Now it is trial and error to get T so the above equation is satisfied with K from 


A. 11 at T^. 


3600 K: In K =-0.611, K = 0.5428, RHS = 0.59796, error = 0.05516 
3800 K: In K = 0.201, K= 1.22262, RHS = 0.63118, error =-0.59144 

Linear interpolation between the two to make zero error 

T = 3600 + 200 X 0.05516 + 0.59144 = K 
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A gas mixture of 1 kmol carbon monoxide, 1 km ol nitrogen, and 1 kmol oxygen 
at 25°C, 150 kPa, is heated in a constant pressure process. The exit mixture can be 
assumed to be in chemical equilibrium with CO 2 , CO, O 2 , and N 2 present. The mole 

fraction of CO 2 at this point is 0.176. Calculate the heat transfer for the process. 


initial mix: 


ICO, IO2, 


IN 


Constant 

pressure 

reactor/^ 


W 

Q 



Equil. mix: 

CO 2 , CO, O 2 , N 2 

^C02 ~ 

P= 150 kPa 


reaction 

initial 

change 

equil. 


2 CO 
0 

+2x 

2 x 


2 CO 
1 

-2x 

(l-2x) 


+ 


O 2 

1 

-X 

(1-x) 


also. 


N, 

1 

0 

1 


yco, = 0 . 1 76 = 1^ 


X = 0.242 65 


^C02 ^ 0-4853 nQ2 = 0.7574 
Uco =0.5147 nj^2=l 


> < 


y =0.176 

y^ =0.2747 

y^Q =0.1867^02 


^ VpO/ 


2 

yco2 


0.18672x0.2747 /150x ^ 

0.176 ^ (too) = 


From A. 10, Tp^^^^ = 3213 K 
FromA.9, H„ = -110 527kJ 

K 

Hp = 0.4853(-393 522+ 166 134) + 0.5147(-110 527 + 101 447) 

+ 0.7574(0 + 106 545) + 1(0 + 100 617) 

= +66 284 kJ 


= Hp - = 66 284 - (-110 527) = +176 811 kJ 
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15.55 


A rigid container initially contains 2 kmol of carbon monoxide and 2 kmol of 
oxygen at 25°C, 100 kPa. The content is then heated to 3000 K at which point an 
equilibrium mixture of CO^, CO, and exists. Disregard other possible species 

and determine the final pressure, the equilibrium composition and the heat 
transfer for the process. 

2C0 + 20,^2C0, + 0, Species: CO O, CO, 


Initial 

2 

2 

0 


Shift 

-2x 

-2x+x 

2 x 


Final 

2 -2x 

2 -x 

2 x: 

n. . = 2-2x + 2-x + 2x = 4-x 

tot 


2 -2x 


2 -x 

2 x 

II 

0 

u 

4-x ’ 

yo2 = 

4-x’ 

yco2 “ 4-x 

U 2 -U 

1 = iQ2 

= ^2- 

Hi- 

P2V + P^V 



O 


= (2 - 2x)h^Q 2 + (2 - x)hQ^2 + 2xh^Q^ - 2hg2Q^ 


- R(4 - x)T 2 + 4RTj 


y 


= e2'217 = 


C 02 


p 


2-1 _ 


4x2 4Tj 


y„,yio ‘C ° 4( 1 -x)^ 2-x (4-x)T, 







e2,217 


23.092 


X = 0.8382; y^^Q = 0.102; y^ = 0.368; y^^Q = 0.53 

P 2 = Pj(4-x)T2 /4 Tj = 100(3.1618)(3000/4)(298.15) = 795.4 kPa 
jQ2 = 0.3236(-l 10527 + 93504) + 1.1618(98013) + 1.6764(-393522 

+ 152853) - 2(-l 10527) - 2(0) + 8.3145(4(298.15) - 3000(3.1618)) 

=-142991 kJ 
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A coal gasifier produces a mixture of 1 CO and 2 H 2 that is fed to a catalytic 
converter to produce methane. The reaction is CO + 3 H 2 CH 4 + H20- The 

equilibrium constant at 600 K is K = 1.83 x 10^ . What is the composition of the 
exit flow assuming a pressure of 600 kPa? 


The reaction equation is: 



CO 

+ 3H2 « 

CH 4 + 

H 20 

initial 

1 

2 

0 

0 

change 

-X 

-3x 

+x 

+x 

equil. 

1 -X 

2-3x 

X 

^ ’^TOTAL “ 3 - 2 x 



y CH4 yH2O 
3 

^^2 ^CO 



1+1-1-3 


x^ (3 - 2x)^ 

(1-x)(2-3x)3 




x^ (3 - 2x)^ 

(1-x)(2-3x)3 


Trial and error to solve for x. 

x = 0.6654 LHS = 6.719 X 10^ 
x = 0.66538 LHS = 6.41x10^ 

X = 0.66539 LHS = 6.562 x 10^ elose enough 


iich4 ~ 0.66539, iih20 ~ 0.66539, iico ~ 0.66539, iih2 ~ 0.00383 

so we used up nearly all the hydrogen gas. 
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One approach to using hydrocarbon fuels in a fuel cell is to “reform” the 
hydrocarbon to obtain hydrogen, which is then fed to the fuel cell. As a part of the 

analysis of such a procedure, consider the reaction CH 4 + H 2 O <:^> CO + 3 H 2 . 

One kilomole each of methane and water are fed to a catalytic reformer. A 
mixture of CH 4 , H 2 O, H 2 , and CO exits in chemical equilibrium at 800 K, 100 
kPa; determine the equilibrium composition of this mixture using an equilibrium 
constant of K = 0.0237. 

The reaction equation is: 



CH 4 + 

H^O 

« 3 H 2 

+ CO 

initial 

1 

1 

0 

0 

change 

-X 

-X 

+3x 

+x 

equil. 

(1-x) 

(1-x) 

3x 

X 


’^TOTAL 2 + 2 x 


K = 


ymYco /P \2 


y CH4y H20 


( 55 ) = 


(3x)\ / 100 x 2 

(1-x)(1-x)(2+2x)2m002 




(JL_Y(JL_Y ^ 

vi-x2 Vl+x2 


4x0.0237 

27x1 


= 0.003 51 


X 


1 -x 


= Vo.003 51 = 0.059 25 Solving, 


X = 0.2365 


’^CH4 




^TOT 


0.7635 
^ 0.7635 
0.7095 
0.2365 
^2.473 



ycH 4 = 0.3087 

yH 20 ~ 0.3087 
= 0.2870 

y^^Q = 0.0956 
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Use the information in Problem 15.45 to estimate the enthalpy of reaction, AH*^, 
at 700 K using Van’t Hoff equation (see problem 15.48) with finite differences 
for the derivatives. 


2 

dlnK = [AH7RT ]dT 

- 2 dlnK - 
AH° = RT “^ = RT 

2 

= 8.31451 X 700 


or solve for AH 

2 AlnK 
AT 

-0.3362 + 4.607 
"" 800 - 600 


O 


= 86 998 kJ/kmol 


[ Remark: compare this to A.9 values + A.5, A. 10, 

AH° = H^ + - H^j^ = 0.61 X 12 X (700-298) + 2 x 11730 

- 2.254 X 16.04 x (700-298) - (-74873) = 86 739 kJ/kmol ] 
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Acetylene gas at 25°C is burned with 140% theoretical air, which enters the 
burner at 25°C, 100 kPa, 80% relative humidity. The eombustion products form a 
mixture of CO 2 , H 2 O, N 2 , O 2 , and NO in ehemieal equilibrium at 2200 K, 100 

kPa. This mixture is then eooled to 1000 K very rapidly, so that the eomposition 
does not ehange. Determine the mole fraetion of NO in the produets and the heat 
transfer for the overall proeess. 


C 2 H 2 + 3.5 O 2 + I 3 .I 6 N 2 + water 

2 CO 2 + IH 2 O+ IO 2 + 13.16 N 2 +water 
water: P.^ = 0.8x3.169 = 2.535 kPa 

n^ = n^PyP^ =(3.5+13.16)2.535/97.465 = 0.433 
So, total H 2 O in produets is 1.433. 
a) reaetion: N 2 + O 2 <-> 2 NO 
ehange : -x -x + 2 x 

at 2200 K, from A. 10: K = 0.001 074 
Equil. produets: = 

nj.^2 ^ 13.16 -x, nj.^Q = 0+2x, n.^.^.^, = 17.593 



_(2xf_ 

(l-x)(13.16-x) 


= 0.001 074 


=> X = 0.0576 


2x0.0576 „ 

^NO ~ 17.593 “0.006 55 


b) Final produets (same eomposition) at 1000 K 
Hj^ = 1(226 731) + 0.433(-241 826) = 122 020 kJ 

Hp = 2(-393 522 + 33 397) + 1.433(-241 826+26 000) 

+ 0.9424(0+22 703) + 13.1024(0+21 463) + 0.1152(90 291+22 229) 
= -713 954 kJ 

= Hp - = -835 974 kJ 
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A step in the produetion of a synthetie liquid fuel from organie waste matter is the 
following eonversion proeess: 1 kmol of ethylene gas (converted from the waste) 
at 25°C, 5 MPa, and 2 kmol of steam at 300°C, 5 MPa, enter a catalytic reactor. 
An ideal gas mixture of ethanol, ethylene, and water in chemical equilibrium 
leaves the reactor at 700 K, 5 MPa. Determine the composition of the mixture and 
the heat transfer for the reactor. 


25 °C, 5 MPa 


iqn 


300 °C, 5 MPa 



init 

eh. 

equil. 


2 H 2 O 


1 C2H4 + 1 H2O 


1 

-X 

( 1 -x) 


2 

-X 

( 2 -x) 


1 C2H5OH 
0 

+x 

X 


IG chem. equil. mixture 

C2H5OH, C2H4, H2O 

700 K, 5 MPa 
A .6 at ~ 500 K; 

^PO C2H4 “ 


0 


a) AH 700 K = 1(-235 000 + 115(700-298.2)) - l(+52 467 + 62.3(700-298.2)) 

- 1(-241 826 + 14 190) = -38 656 kJ 

AS?ook= 1(282.444 + 115 In^^)- 1(219.330 + 62.3 In^^) - 1(218.739) 


=-110.655 kJ/K 


0 


AG)oo K = - TAS'^ = +38 803 kJ 


0 _ 


, -AG^ 
lnK= =-6.667 


=> 


K = 0.001 272 = 


yC2H5QH /P 
yC2H4yH20^P^ 


-1 


^ =» W1272x If =0.0636 

By trial and error: x = 0.0404 => C 2 H 5 OH: n = 0.0404, y = 0.01371 
C 2 H 4 : n = 0.9596, y = 0.3242, H 2 O: n= 1.9596, y = 0.6621 
b) Reactants: C 2 H 4 : 1^ = 298.2/282.4 = 1.056, P^ = 5/5.04 = 0.992 

A. 15: (h*-h) = 1.30x8.3145x282.4 = 3062 kJ 
^ Hc 2 H 4 = l(+52 467 - 3062) = +49 405 kJ 

H 2 O, LIQ Ref + St. Table: 

Hh 2 o = 2(-285830 + 18.015(2924.5-104.9)) = -470 070 kJ 

HpROD = 0.0404(-235 000 + 115(700-298.2)) + 0.9596(+52 467 

+ 62.3(700-298.2)) + 1.9596(-241 826 + 14 190) = -379 335 kJ 
Qcv = Hp - Hr = +41 330 kJ 
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Methane at 25°C, 100 kPa, is burned with 200% theoretieal oxygen at 400 K, 100 
kPa, in an adiabatie steady state proeess, and the produets of eombustion exit at 
100 kPa. Assume that the only signifieant dissoeiation reaetion in the produets is 
that of earbon dioxide going to earbon monoxide and oxygen. Determine the 
equilibrium eomposition of the produets and also their temperature at the 
eombustor exit. 


Combustion: CH. + 40, ^ CO, + 2H,0 + 20 


Dissoeiation: 



2 CO 2 ^ 

2 CO 

+ O 2 

,H20 

initial 

1 

0 

2 

2 

ehange 

-2x 

+2x 

+x 

0 

equil. 

l-2x 

2 x 

2 +x 

2 


inert 



Equil. Eq'n: K = 


ycoy02 ,P 


(S)= (nt7)\IS)(S) 


2 

Jcoi 


P 


0.5-x/ v5+x/vp 



1 st law: Hp - = 0 

(l-2x)(-393 522 + Ah^^^) + 2x(-l 10 527 + Ah^^) 

+ 2(-241 826 + Ahj^2o) + (2+x)AhQ2 - l(-74 873) - 4(3027) = 0 
or (l-2x)Ahj,Q2 + 2xAhj,Q + 2Ahj^2o (2+x)AhQ2 + 565 990x - 814 409 = 0 


Assume Tp = 3256 K. EromA.lO: K= 0.6053 

Solving (1) by trial & error, x = 0.2712 
Substituting x and the Ah values from A.8 (at 3256 K) into (2) 
0.4576x168 821 + 0.5424x103 054 + 2x140 914 
+ 2.2712x108 278 + 565 990x0.2712 - 814 409 « 0 OK 
Tp = 3256 K&x = 0.2712 

^C02 ^ 0-4^26, n^,Q = 0.5424, n^^^o ^ 2.0, n^^ = 2.2712 
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15.62 

Calculate the irreversibility for the adiabatie eombustion process described in the 
previous problem. 

From solution of Prob. 15.61, it is found that the produet mixture consists of 
0.4576 CO 2 , 0.5424 CO, 2 .OH 2 O& 2.2712 O 2 at 3256 K, 100 kPa. The 

reactants include 

1 CH^ at 25 °C, 100 kPa and 4 O 2 at 400 K, 100 kPa. 

Reaetants: 

S^= 1(186.251)+ 4(213.873)= 1041.74 kJ/K 
Produets: 



n. 

1 

y. 

.0 

Si 

-Rln p 

* 

s. 

C 02 

0.4576 

0.0868 

339.278 

+20.322 

359.600 

CO 

0.5424 

0.1029 

276.660 

+18.907 

295.567 

H 20 

2.0 

0.3794 

291.099 

+8.058 

299.157 

02 

2.2712 

0.4309 

287.749 

+7.000 

294.749 


Sp = 0.4576(359.600) + 0.5424(295.567) + 2.0(299.157) 

+ 2.2712(294.749) = 1592.62 kJ/K 
I = Tp(Sp-S^) - Qcv = 298.15(1592.62 - 1041.74) - 0 = 164 245 kJ 
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15.63 


An important step in the manufacture of chemical fertilizer is the production of 
ammonia, according to the reaction: <=^> 2 NH 2 

a. Calculate the equilibrium constant for this reaction at 150°C. 

b. For an initial composition of 25% nitrogen, 75% hydrogen, on a mole 
basis, calculate the equilibrium composition at 150°C, 5 MPa. 

IN 2 + 3 H 2 ^ 2 NH 3 atl50°C 

hNH 3 i 50 C = -45 720+ 2.13x17.031(150-25) = -41 186 

423 2 

Snh3 150 c ^ 192.572 + 2.13x17.031 In 293 2 ^ 205.272 


AHi 5 o c = 2(-41 186) - 1(0+3649) - 3(0+3636) = -96 929 kJ 


0 


ASi5oc = 2(205.272)- 1(201.829)-3(140.860) =-213.865 kJ/K 


0 


AGi 50 c = -96 929 - 423.2(-213.865) = -6421 kJ/kmol 


lnK = 


+6421 


8.3144x423.2 


= 1.8248, K = 6.202 


b) nj ^333 = 2x, nj ^2 = 1-x, n^^^ = 3-3x 


K = 


2 

yNH3 


P\-2 (2xf2\2-xfrp^-^ 


yN2yH2 


3 \p0 


p 


3'(l-x) 


P 


0 


X \ 2 / 2 -x^ 

Vl-x/ Vl-xv 

27 

1 - 16 X 6.202 X 1 

/ 5 

( 0 . 1 ) 

1 1 

0 

= 161.755 



>• Trial & Error: 

NH 3 

n 

1.843 

y 

0.8544 

x = 0.9215 

N 2 

0.0785 

0.0364 


H 2 

0.2355 

0.1092 
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15.64 

One kilomole of carbon dioxide, CO 2 , and 1 kmol of hydrogen, H 2 at room 
temperature, 200 kPa is heated to 1200 K at 200 kPa. Use the water gas reaction 
to determine the mole fraction of CO. Neglect dissociations of H 2 and O 2 . 

1 CO 2 + 1 ^ 1 CO + 1 H^O 

Initial 11 0 0 

Shift -X -X +x +x 

Total 1-x 1-x X x; ntot = 2 


yH 2 o - yco - x/2, yH 2 - yco 2 - (l-x)/2 


From solution to problem 15.36, K = 1.3682 


(x/2)(x/2) _ _ 

^ 2 2 ^ 


=> 1.1697 

1-x 


x= 1.1697/2.1697 = 0.5391 

yH20 = yco = x/2 = 0 , 27 , yH2 = yco2 = (l-x)/2 = 0,23 



Sonntag, Borgnakke and van Wylen 


15.65 


Consider the production of a synthetic fuel (methanol) from coal. A gas mixture 
of 50% CO and 50% leaves a coal gasifier at 500 K, 1 MPa, and enters a 
catalytic converter. A gas mixture of methanol, CO and H 2 in chemical 
equilibrium with the reaction: CO + 2 H 2 <=^> CH 3 OH leaves the converter at the 
same temperature and pressure, where it is known that In K = -5.119. 

a. Calculate the equilibrium composition of the mixture leaving the converter. 

b. Would it be more desirable to operate the converter at ambient pressure? 



Equil. 

Mix 


CH3OH, CO, 

500 K, 1 MPa 


Reaction: 

initial 

change 

equil. 


CO + 
1 

-X 

( 1 -x) 



CH30H 

0 

+x 

X 



_ yCH30H / P \-2 _ / X \ / 2-2x\ 2^ p X-2 

^ ^ IpO; - V1 -x A1.2x/ vtjo; 


yCoyH2 


p 


=> 


x( 1 -x) _ % P .\2 
(1-2x)2“ 


InK =-5.119, K = 0.005 98 
x(l-x) 0.005 98 / 1 x 2 _ 

^ = ^((u) => 


x = 0.1045 


iich 3 oh — ^ — 0.1045, ^co — 1"^ — 0.8955, 

Ychsoh ^ 0.0583, y^o = 0.5000, 


nH 2 = 1 - 2x = 0.791 

yH2 ^ 0,4417 



For P = 0.1 MPa 


x(l-x) 0.005 98/0.K2 .. 

X is much smaller (~ 0.0015) not good 
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15.66 

Hydrides are rare earth metals, M, that have the ability to react with hydrogen to 
form a different substance MH with a release of energy. The hydrogen can then 

. In this reaction 

only the hydrogen is a gas so the formula developed for the chemical equilibrium 
is inappropriate. Show that the proper expression to be used instead of Eq. 15.14 
is 

ln(PH2/P°)= AG7i?r 


X 


be released, the reaction reversed, by heat addition to the MH 


when the reaction is scaled to 1 kmol of H 2 . 

1 

M + 2 X H 2 ^ MHx 

At equilibrium Gp = Gr , assume g of the solid is a function of T only. 

SmHx “ ^MHx ■ TSmHx “ gMHx ’ Sm “ - g^ 

Sh2 ~ ^H2 ■ TSh2 + RT ln(PH2/Po) = gH2 RT ln(PH2/Po) 

Gp = Gr: = gj^ + ^ x g^^^ = Sm +1 x[gH 2 + RT ln(PH 2 /Po)] 

-0 -0 -0 -0 -0 

^G - gMHx ■ gM ■ X gH2/2 - gMHx " gM 

Scale to 1 mole of hydrogen 

AG° = (gMHx - gL)/(x/2) = RT ln(PH 2 /P°) 


which is the desired result. 
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Simultaneous Reactions 


15.67 

Water from the eombustion of hydrogen and pure oxygen is at 3800 K and 50 
kPa. Assume we only have H 2 O, O 2 , OH and H 2 as gases with the two simple 

water dissoeiation reaetions active find the equilibrium composition. 


This problem is very similar to Example 15.7 in the text. The only difference is 
that we have T = 3800 K and P = 50 kPa. From table A. 11 we have 

In Kj = - 1.906; Kj = 0.14867; In K 2 =-0.984; K 2 = 0.3738 

2a+ b _a_^ 2a+ b /_2b_ 

^1 vi-2a-2b7 1 + a + bV^’ 2 1 + a + 6^1 - 2a - 2b2 

So we have two equations as 

(t^)'TTTT b = = 0.29734 „) 

T^irfrib)' = ' (?) = (2) 

Divide the second equation by the first to give 


4b^ 

(2a + b) a 


0.7476 

0.29734 


2.5143 


or 

2a2 + ba- 1.5909 6^ = 0 

a = -(b/4) ± (1/4) y/b^-4 x 2 x(-1.5909 b^) = 0.676256 b 

Now we can do trial and error on equation 1 for only one variable, say b: 

a = 0.14228, b = 0.2104 


n„,„ = 1 - 2a - 2b = 0.29464, n„, = 2a + b = 0.49496, 

riZiJ riZ 

^02 ^ ^ ^ 0 .14228, n^j^ = 2b = 0.4208 
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15.68 


Ethane is burned with 150% theoretieal air in a gas turbine eombustor. The 
produets exiting eonsist of a mixture of CO , H O, O , N , and NO in ehemieal 
equilibrium at 1800 K, 1 MPa. Determine tfe mole fraetion of NO in the 
produets. Is it reasonable to ignore CO in the produets? 


Combustion: 

C^H^ + 5.25 0^ + 19.74N^ 
2 6 2 2 


Produets at 1800 K, 1 MPa 


2 CO 2 + 3 H 2 O+ 1.75 O 2 + 19.74 N^ 


Equilibrium mixture: CO-, H-0, 0-, N-, NO 


initial 

ehange 

equil. 


N2 

19.74 

-X 

19.74-x 


2 ’ 2 
+ 


02 


2 NO 

1.75 


0 

-X 


+2x 

1.75-x 


2x 


Equil. eomp. n^o 2 = 2, = 1.75-x, n^^^ = 2x , 11^^20 = 2 , 

K= 1.192x10-4 = = 


4x 


= 19.74-x 


b) 


yN2y02 P 

Solving, X = 0.031 75 


(19.74-x)( 1.75-x) 


y 


NO 


2x0.031 75 
26.49 

2 CO 


= 0.0024 


2 CO + 


O 


initial 2 
ehange -2a 
equil. 2-2a 


0 

+2 a 
2a 


0 

+2x 

2x 


„ ycoyo 2 /P\i /2a 
K-4.194x10 - 2 (po) ~(.2-2a 

Jcoi 


2/ 1.75-x+a \ 1 

26.49+a7''0.1 


)( 


This equation should be solved simultaneously with the equation solved in 
part a) (modified to inelude the unknown a). Sinee x was found to be small 
and also a will be very small, the two are praetieally independent. Therefore, 
use the value x = 0.031 75 in the equation above, and solve for a. 


a \2/l.75-0.031 75+a\ /O.l 




26.49+a 


) = (y^)x 4. 194x10 


-8 


Solving, a = 0.000 254 or y„ = 1.92x10'^ negligible for most applications. 


CO 
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15.69 

Butane is burned with 200% theoretical air, and the products of combustion, an 
equilibrium mixture containing only CO^, H^O, O^, N^, NO, and NO 2 , exit from 

the combustion chamber at 1400 K, 2 MPa. Determine the equilibrium 
composition at this state. 

Combustion: 


C4H10+I3O2 + 48.9N2 


4 CO 2 + 5 H 2 O + 6.5 O 2 + 48.9N 2 


Dissociation: 


1) N 2 + 02^2N0 


change -a -a 


+2a 


2) N^ + 20^^2N0 


change -b -2b 


+2b 


At equilibrium: 


^H20 = 5 
^^002 “ ^ 


^N 2 ^48.9-a-b 
nQ 2 = 6.5-a-2b 


At 1400 K, from A. 10: = 3.761x10'^ K 2 = 9.026x10 


^NO = 2a 

’^N02 “ 2b 
= 64.4-b 


-10 


_ (2ar 

^1 “ (48.9-a-b)(6.5-a-2b) ’ 


(2b)2(64.4-b) 


K = 

2 ^ - oi-\2 


Px-l 


© 


(6.5-a-2br(48.9-a-b)^P 


As Kj and K 2 are both very small, with K 2 « K^, the unknowns a & b will 
both be very small, with b « a. From the equilibrium eq.s, for a first trial 


1 



a ~ 2 ~ 0.0173 ; 


b ~^x6.5 



2 48.9 

K,x-;rTXTTT~ 0.000 38 


2"0.1 64.4 


Then by trial & error. 


a 


(48.9-a-b)(6.5-a-2b) 


3.761x10-^ 

4 


= 0.940 25x10-'^ 


2 


b2(64.4-b) 


9.026xl0-^°x(^) 


(6.5-a-2br(48.9-a-b) 


4 


= 45.13x10'^° 


Solving, a = 0.017 27, b = 0.000 379 


n =4 
C02 ’ 


’^H20 3 5 


^N2 ^ 48.882 , nQ2 = 6.482 , 


^C02 ^ 0.062 11 , y^.,^ = 0.077 64 , y^^., = 0.759 04 , y^., =0.100 65 


H 20 


N 2 


02 


nNo = 0.034 54 , nj.^Q2 ^ 0.000 76 


^No ^ ’ y 


N02 


= 0.000 01 
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15.70 

A mixture of 1 kmol water and 1 kmol oxygen at 400 K is heated to 3000 K, 200 
kPa, in a steady flow process. Determine the equilibrium composition at the outlet 
of the heat exchanger, assuming that the mixture consists of H 2 O, H 2 , O 2 , and 

OH. 

Reactions and equilibrium eq'ns the same as in example 15.7 (but different 
initial composition). 

At equik: n^^^o = 1 - 2a - 2b, n^^^ = 2a + b, n^^ = 1 + a 

= 2b, = 2 + a + b 

Since T = 3000 K is the same, the two equilibrium constants are the same: 
FromTableA.il: = 0.002 062, = 0.002 893 

The two equilibrium equations are 

2a + b 1 + a /P_y ^ 2a+ b /_2b_ 

^1 VI-2a-2b2 2 + a + bV2’ 2 2 + a + bvi - 2a - 2b2 

which must be solved simultaneously for a & b. If solving manually, it 
simplifies the solution to divide the first by the second, which leaves a 
quadratic equation in a & b - can solve for one in terms of the other using the 
quadratic formula (with the root that gives all positive moles). This reduces 
the problem to solving one equation in one unknown, by trial & error. 

Solving => b = 0.116, a = -0.038 => 

nH2o = 0.844, = 0.0398, n^^ = 0.962, n^^^ = 0.232, n.^.^.^, = 2.0778 

y^2" 0.0191, yQ2 = 0.4630, yQjj = 0.1117 
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15.71 

One kilomole of air (assumed to be 78% nitrogen, 21% oxygen, and 1% argon) at 
room temperature is heated to 4000 K, 200 kPa. Find the equilibrium composition 
at this state, assuming that only N 2 , O 2 , NO, O, and Ar are present. 

1 kmol air (0.78 N^, 0.21 O 2 , 0.01 Ar) heated to 


4000 K, 200 kPa. 


EquiL: 


1) N2 + 02^2N0 

^N2 ^ 0-28-a 

change -a -a +2a 

nQ 2 = 0.21-a-b 
n. =0.01 

Ar 

2) O 2 ^ 2 0 

no =2b 

change-b +2b 

Uno = 2a 

n ^ = 1+b 

tot 



0.0895 

2.221 


4a^ /200x0 

(0.78-a)(0.21-a-b)M002 

4b^ /200x 

(l+b)(0.21-a-b)M002 


Divide 1st eq'n by 2nd and solve for a as function(b), using 




Also 



Assume b = 0.1280 From(l), get a = 0.0296 

Then, check a & b in (2) ^ OK 

Therefore, 

^N2 ^ 0-^504 n^ = 0.2560 = 0.6652 y^ = 0.2269 

nQ2 = 0.0524 n^^Q = 0.0592 y^^ = 0.0465 y^.^^ = 0.0525 
n^ = 0.01 y^j. = 0.0089 


( 1 ) 

( 2 ) 
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One kilomole of water vapor at 100 kPa, 400 K, is heated to 3000 K in a eonstant 
pressure steady flow proeess. Determine the final eomposition, assuming that 
H 2 O, H 2 , H, O 2 , and OH are present at equilibrium. 

Reactions: 

1) 2H20^2H2 + 02 2) 2H20^H2 + 20H 

change -2a -l-2a -Ha change -2b -Hb -H2b 

3) ^ 2 H 

change -c -H2c 

At equilibrium (3000 K, 100 kPa) 


^H 2 = 

1 - 2 a- 2 b 

2a-Hb-c 

no 2 = a n^^ = 2 c 

n^j^ = 2b n.j,Q 2 . = 1-Ha-Hb-Hc 

Ki 

2.062x10-3 

/ 2a-Hb-c \ 2 ^ a \ 

(P/P°) 

1 

M- 2 a- 2 b^ M-Ha-Hb-Hc^ 

K 2 

2.893x10-3 

/ 2a-Hb-c \/ 2b \2 

(P/P°) 

1 

^ 1 -Ha-Hb-Hc^ ^ 1 - 2 a- 2 b^ 

K 3 

2.496x10-3 

(2a)3 

(P/P°) 

1 

(2a-Hb-c)( 1 -Ha-Hb-Hc) 


These three equations must be solved simultaneously for a, b & c: 
a = 0.0622, b = 0.0570, c = 0.0327 

and n^^^ = 0.16\6 

nj^2 =0.1487 yjj2 =0-1291 
nQ2 = 0.0622 yQ2 = 0.0540 
nQH =0.1140 y^jj = 0.0990 
n^^ = 0.0654 y^^ = 0.0568 
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15.73 

Acetylene gas andx times theoretieal air (x > 1) at room temperature and 500 kPa 
are burned at eonstant pressure in an adiabatie steady flow proeess. The flame 
temperature is 2600 K, and the eombustion produets are assumed to eonsist of N 2 , 
O 2 , CO 2 , H 2 O, CO, and NO. Determine the value ofx. 

Combustion: 


C 2 H 2 + 2.5x02 + 9 . 4 XN 2 ^ 2 CO 2 + H 2 O + 2.5(x- 1)02 + 9.4xN 
Eq. products 2600 K, 500 kPa: N^, O^, CO^, H^O, CO & NO 


2 Reactions: 

1 ) 


2 CO 2 ^ 2 CO + O 2 


2 ) 


N2 + 02^2N0 


change -2a -l-2a -Ha ehange -b -b 


-H2b 


Equil. Comp.: nj ^2 ^ 9.4x-b , ^ ’ 


nco 2 a, n^^ 2 b 


nQ 2 = 2.5x - 2.5 -H a - b , = 2 - 2a , = 11.9x -H 0.5 -H a 


At 2600 K, from A. 11: = 3.721 x 10'^ K 2 = 4.913 x lO'^ 


EQl 


Ki 3.721x10-3 / a n 2/2.5x - 2.5 + a - b 




5 


/ a 

- a2 V 11. 


9x -H 0.5 -H a 


) 


EQ2 


-3 _ 


( 2 b) 


K, = 4.913x10" -Tpri— ttTo ^ oc , 

2 (9.4 - b)(2.5x - 2.5 -H a - b) 


Also, from the 1st law: = 0 where 


= l(+226 731) + 0 + 0 = +226 731 kJ 


Hp = (9.4x - b)(0 + 77 963) + (2.5x - 2.5 + a - b)(0 + 82 225) 

+ (2 - 2a)(-393 522 + 128 074) + 1(-241 826 + 104 520) 

+ 2a(-l 10 527 + 78 679) + 2b(90 291 + 80 034) 

Substituting, 

EQ3: 988 415x + 549 425a + 180 462b - 1 100 496 = 0 

whieh results in a set of 3 equations in the 3 unknowns x, a, b. Assume x 
1.07 Then 


EQl: 

7.442 X 10 ■ 

EQ2: 

1.2283 X 10 

Solving, 

a = 0.1595, 


a \2 ^ o. 175 + a - b 
-J V 13.233 + a 


) 


-3 _ 


_b^_ 

(10.058 -b)(0.175 +a+ b) 


b = 0.0585 Then ehecking in EQ3, 

988 415x1.07 + 549 425x0.1595 + 180 462x0.0585 - 1 100 496 « 0 


Therefore, x = 1,07 


Sonntag, Borgnakke and van Wylen 


Ionization 

15.74 

At 10 000 K the ionization reaction for Ar is: Ar <:^> Ar^ + e~ with 

equilibrium constant of K = 4.2 x 10”“^. What should the pressure be for a mole 
concentration of argon ions (Ar^) of 10%? 


From the reaction (ionization) we recognize that the concentration of electrons 
must equal that of argon ions so 

yAr+ = Ye- = 0-1 and y^r = 1 - yAr+ - Ye- = 0-8 

Now 


K = 4.2 X 10“'^ = 


yAr+ Ye- 

YAr 



1+1-1 


0.1 X 0.1 P 

0.8 100 


P = 0.00042 X 


0.8 

0.1 X 0.1 


X 100 = 3.36 kPa 
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15.75 

Operation of an MHD converter requires an electrically conducting gas. It is 
proposed to use helium gas “seeded” with 1.0 mole percent cesium, as shown in 

Fig. PI5.75. The cesium is partly ionized (Cs <:^> Cs^ + e~) by heating the mixture 
to 1800 K, 1 MPa, in a nuclear reactor to provide free electrons. No helium is 
ionized in this process, so that the mixture entering the converter consists of He, 

Cs, Cs^, and e~. Determine the mole fraction of electrons in the mixture at 1800 K, 
where In if = 1.402 for the cesium ionization reaction described. 


Reaction: Cs <:^> 

Cs^ + e , 

Also He 

In K = 1.402 

initial 0.01 

0 0 

0.99 

=> K = 4.0633 

change -x 

+x +x 

0 


Equil (0.01-x) 

X X 

0.99 ; total: 1 + x 

ye-ycs+/p\ / 

X X 


JX - 

Ycs 

II 

• 

o 

+ 

x/ vpoy 


or ( qq|^_3 (t^) = = 0.40633 

Quadratic equation: x = 0.009767 

_ X 

^ ^ 1 + X 


= 0.00967 
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15.76 

One kilomole of argon gas at room temperature is heated to 20000 K, 100 kPa. 
Assume that the plasma in this eondition eonsists of an equilibrium mixture of Ar, 

V X s 

Ar , Ar , and e~ according to the simultaneous reactions 

(1) Ar <:^> Ar^ + e' (2) Ar’*’ <:^> Ar'*”’’+ e‘ 

The ionization equilibrium constants for these reactions at 20000 K have been 
calculated from spectroscopic data as In Kj = 3.11 and In K 2 = -4.92. Determine 

the equilibrium composition of the plasma. 

1) Ar <:^> Ar’*’ -I- e‘ 2) Ar^ <:^> Ar"*^ -I- e‘ 

eh. -a -Ha -Ha eh. -b -Hb -Hb 

Equil. Comp.: n^^=l-a, n^^^ = a-b, n^^^ = b, n^_ = a-Hb, n.^.^.^, = 1 -Ha-Hb 



YAr+yeY P 


(a - b)(a -H b) 

YAr Vp0/“(1-a)(l+a + b) 



(1) = 22.421 




b(a -H b) 

(a - b)(l -H a -H b) 


(1) = 0.0073 


By trial & error: a = 0.978 57, b = 0.014 13 
nAr = 0.02143, n^r+= 0.96444, n^j.++= 0.01413, n^. = 0.9927 

yAr = 0.0107, y^y+ = 0.484, y^j.++= 0.0071, y^. = 0.4982 
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15.77 

At 10 000 K the two ionization reactions for N and Ar as 

1: Ar <:^> Ar"*" + e~ 2: N <:^> N'*' + e~ 

have equilibrium constants of = 4.2 x 10”“^ and K 2 = 6.3 x 10”“^, 
respectively. If we start out with 1 kmol Ar and 0.5 kmol N 2 , what is the 
equilibrium composition at a pressure of 10 kPa? 

At 10 000 K we assume all the nitrogen is dissociated to N. 

Assume we shift the argon ionization with a and the nitrogen ionization with b we 
get 



Ar 

Ar+ 

e 

N 

N+ 


Initial 

1 

0 

0 

1 

0 


Change 

-a 

a 

a + b 

-b 

b 


Final 

1 -a 

a 

a + b 

1 -b 

b 

Tot: 2 + a + b 


( 1 ) 

( 2 ) 


nAr = 0.941, n^r+ = 0.059, nj,j = 0.914, nj,j+= 0.086, n^. = 0.145 
y^r = 0.439, = 0.027, y^ = 0.426, yN+ = 0.04, y^. = 0.068 


K,=4.2x,0-^=^-(P 

^ YAr 


K, = 63x10-^=^^^ 

^ Yn 


Divide the second equation with the first to get 


\ ^ a (a + b) 10 
/ (1-a)(2 + a + b)M00'' 

(V\ ^ b(a + b) 1^ 
Vpoy (1-b)(2 + a + b)M00^ 


(1-b) a Kj 

b - ab = 1.5 a - 1.5 ah 


b - ah 
a - ab 


= 1.5 


b = 1.5 a - 0.5 ab = a(1.5 - 0.5 b) 


b 


a = 


0 ~5^ error on equation (1) 


a = 0.059 and b = 0.086 
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15.78 


Plot to scale the equilibrium eomposition of nitrogen at 10 kPa over the 
temperature range 5000 K to 15000 K, assuming that N 2 , N, N'*', and e~ are 

present. For the ionization reaetion N <:^> + e~, the ionization equilibrium 

eonstant K has been calculated from speetroscopic data as 

r[K] 10000 12 000 14 000 16 000 
100^ 0.0626 1.51 15.1 92 


1) N 2 ^ 2N 


2) N ^ N+ + e 


ehange -a 


+2a change -b 


+b +b 


Equil. Comp.: n^^^ ^ 1"^’ 


n., = 2a-b, n.,^ = b, n 

N ’ N+ ’ e- 


= b 


EQl: 


2 

K,= — 

1 yN2 


p 



(2a - b) 


2 


P 


pO/ (1 - a)(l + a + b)Vp0 


EQ2: 


^ yN+ye-/ p 

2 yN 



b 


P 


pO/ (2a - b)(l + a + b)Vp0 


PorT< 10 000K: b-O so negleet EQ2: 


4a^ /10 


^1 (l-a2)M00 


Vino/ 


118 260 


To extrapolate above 6000 K: InK^ « 16.845 - j 


(from values 

at 5000 K & 6000 K) 



T(K) 


a 

yN 

yN2 

5000 

0.0011 

0.0524 

0.0996 

0.9004 

6000 

0.0570 

0.3532 

0.5220 

0.4780 

7000 

0.9519 

0.8391 

0.9125 

0.0875 

8000 

7.866 

0.9755 

0.9876 

0.0124 

10000 

151.26 

0.9987 

0.9993 

0.0007 




b2 

/ lOx 

Eor T > 10 

000 K: a«1.0 

=> 

(2-b)(2+b)M00^ (4 

T(K) 


b 

yN 

yN+ 

10 000 

6.26x10'^ 

0.1577 

0.8538 

0.0731 

12 000 

1.51x10-2 

0.7244 

0.4862 

0.2659 

14 000 

0.151 

1.5512 

0.1264 

0.4368 

16 000 

0.92 

1.8994 

0.0258 

0.4871 


b 


0.1 


Note that b « 0 is not a very good approximation in the vieinity of 10 000 K. 
In this region, it would be better to solve the original set simultaneously for a 
& b. The answer would be approximately the same. 



Sonntag, Borgnakke and van Wylen 


Review Problems 


15.79 

Repeat Problem 15.21 using the generalized eharts, instead of ideal gas behavior. 







CO 2 


cb 


(Z 1 -Z 2 ) = 5000 m, Pi = 15 MPa 


T = 40 °C = eonst 
^ 313.2 , 

^'•“304.1 “ 



15 

ri “7.38 


2.033 


Equilibrium: = 0 = Ag + APE 


§2-Si =^ 2 - hi -T(s 2 - Si) = g(Zi - Z 2 ) = 


9.807x5000 

1000 


= 49.04 kJ/kg 


Erom Eigures D.2 and D.3, 

hi - hi = RT^x 3.54 = 203.4 kJ/kg ; s* - Si = R x 2.61 = 0.4931 kJ/kg K 

h 2 - hi = 0 ; S 2 - Si = 0 - R ln(P 2 /Pi) = 0.18892 ln( P 2 /15) 

Trial and error. Assume P 2 = 55 MPa (P ^2 ^ 55/7.38 = 7.45) 

h* - h 2 = RT^x 3.60 = 206.8 kJ/kg ; S 2 - S 2 = R x 2.14 = 0.4043 kJ/kg K 

Ag = -206.8 + 0 + 203.4 - 313.2[-0.4043 - 0.18892 ln(55/15) + 0.4931] = 45.7 
Too low so assume P 2 = 60 MPa (Pj .2 = 60/7.38 = 8.13) 

h* - h 2 = RT^x 3.57 = 205.1 kJ/kg ; S 2 - S 2 = R x 2.11 = 0.3986 kJ/kg K 

Ag = -205.1 + 0 + 203.4 - 313.2[-0.3986 - 0.18892 ln(60/15) + 0.4931] = 50.7 

Make linear interpolation ^ P 2 = 58 MPa 
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15.80 


In a test of a gas-turbine eombustor, saturated-liquid methane at 115 K is to be 
burned with exeess air to hold the adiabatie flame temperature to 1600 K. It is 
assumed that the products consist of a mixture of CC) 2 ’ ^2^’ ^2’ ^2’ 
chemical equilibrium. Determine the percent excess air u^d in me cbmbustion, 
and the percentage of NO in the products. 


CR^ + lx O2 + 7.52XN2 


1 CO^ + 2 H^O + (2x-2) + 7.52xN 


Then 

N^ + 0^ « 

2 NO 

initial 

7.52x 2x-2 

0 

change 

-a -a 

+2a 

final 

(7.52x-a) (2x-2-a) 

2 a 


n.pQ.p = 1 + 9.52x 


-5 


1600 K: lnK =-10.55, K = 2.628x10 

2 2 

Yno _ yNO 

yN2yo2 yN2yo2 


2.628x10'^ K = 


Also CO 

1 

0 

1 


4a 


(7.52x-a)(2x-2-a) 


From A.9 andB.7, 


Hr = 1 [-74 873 + 16.043(-274.7-624.1)]+ 0 + 0 = -89 292 kJ 
(Air assumed 25 °C) 

= l(-393 522 + 67 569) + 2(-241 826 + 52 907) 


H^O 

2 

0 

2 


+ (7.52x-a)(41 904) + (2x-2-a)(44 267) + 2a(90 291 + 43 319) 


= -792 325 + 403 652 X + 181 049 a 


Assume a 0, then from Hp - = 0 


X = 1.7417 and substitute 


a 


(13.098-a)(1.483-a) 


2.628x10 

4 


-5 


get a « 0.0113 


Use this a in the energy equation 


703 042- 181 049x0.0113 ^ 

403 652 - 1.7366 


a 


(13.059-a)(1.4732-a) 


2.628x10 

4 


-5 


,a = 0.0112 


% excess air = 73,7 % 


2x0.0112x100 

% NO = 1 = 0.128 % 

1+9.52x1.7366 


X = 1.7366 
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15.81 

A space heating unit in Alaska uses propane eombustion is the heat supply. 

Liquid propane comes from an outside tank at -44°C and the air supply is also 
taken in from the outside at -44°C. The airflow regulator is misadjusted, sueh that 
only 90% of the theoretieal air enters the combustion chamber resulting in 
incomplete eombustion. The produets exit at 1000 K as a ehemical equilibrium 
gas mixture ineluding only CO 2 , CO, H 2 O, H 2 , andN 2 . Find the eomposition of 
the produets. Hint: use the water gas reaction in Example 15.4. 

Propane: Liquid, Tj = -44*^0 = 229.2 K 

Air: T 2 = -44^0 = 229.2 K, 90% Theoretical Air 

Products: T 3 = 1000K, CO 2 , CO, H 2 O, H 2 , N 2 

Theoretical Air: 


C3Hg + 502 +I8.8N2 => 3CO2 + 4H2O+I8.8N2 
90% Theoretical Air: 

C3Hg + 4 . 5 O 2 + I 6 . 92 N 2 => aC02 + bCO + CH 2 O + dH2 + 16.92N2 
Carbon: a + b = 3 


Oxygen: 2a + 

b + e = 

= 9 Where: 

2 < a < 

3 

Hydrogen: c + d 

= 4 




Reaction: 

CO 

+ H 2 O 

^ CO 2 

+ H 2 

Initial: 

b 

c 

a 

d 

Change: 

-X 

-X 

X 

X 

Equip 

b - X 

C - X 

a + X 

d + X 

Chose an Initial 

guess 

such as: a = 

2 ,b=l,c 

; = 4, d = 


Note: A different initial ehoiee of constants will produce a different value for 
X, but will result in the same number of moles for eaeh product. 

’^C02"2 + x, n(2Q=l-x, 11^20 = 4-X, nH2 = x, nj^2 = 16.92 

The reaetion ean be broken down into two known reaetions to find K 


(1) 2 CO 2 ^ 2CO + O 2 @ 1000 K In(Ki) = -47.052 

(2) 2H20^2H2 + 02 @ 1000 K ln(K2) =-46.321 


For the overall reaction: InK = (ln(K 2 ) - ln(Kj))/2 = 0.3655; K = 1.4412 


K = 


yco2yH2 

ycoyH2o 


^pH+ 1 - 1-1 


p 

V^oy 


yC02yH2 . (2 + x)x 

- = 1.4412 = ^ —r 

ycoyH2o (1 - 4)(4 - x) 


=> X = 0.6462 


iiC02 — 2.6462 

•*H20 " 



n^Q — 0.3538 
iijj2 “ 0.6462 


iij^2 — 16.92 
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15.82 

Consider the following eoal gasifier proposed for supplying a syngas fuel to a gas 
turbine power plant. Fifty kilograms per second of dry coal (represented as 48 kg 
C plus 2 kg H) enter the gasifier, along with 4.76 kmol/s of air and 2 kmol/s of 
steam. The output stream from this unit is a gas mixture containing H 2 , CO, N 2 , 
CH 4 , and CO 2 in chemical equilibrium at 900 K, 1 MPa. 

a. Set up the reaction and equilibrium equation(s) for this system, and calculate 
the appropriate equilibrium constant(s). 

b. Determine the composition of the gas mixture leaving the gasifier. 

4C+ IH 2 + 1 O 2 + 3 . 76 N 2 + 2 H 2 O 

Since the chem. equil. outlet mixture contains no C, O 2 or H 2 O, we must first 

consider “preliminary” reaction (or reactions) to eliminate those substances in 
terms of substances that are assumed to be present at equilibrium. One 
possibility is 

4 C + 1 O 2 + 2 H 2 O ^ 4 CO + 2 H 2 

such that the "initial" composition for the equilibrium reaction is 

4CO + 3H2 + 3.76N2 

(or convert equal amounts of CO and H 2 to half of CH 4 and CO 2 - also 
present at equilibrium. The final answer will be the same.) 


a) Entering the gasifier; 


reaction 

2 CO + 

2 H 2 

« CH^ 

+ C 02 

also N 

initial 

4 

3 

0 

0 

3.76 

change 

- 2 x 

- 2 x 

+x 

+x 

0 

equil. 

(4-2x) 

(3-2x) 

X 

X 

3.76 

%OT 

= 10.76-2x 






For CH 4 at 600 K (formula in Table A. 6 ), Cpg = 52.22 


At 900 K 

hcH 4 = -74 873 + 52.22(900 - 298.2) = -43 446 kJ/kmol 

Sch 4 = 186.251 + 52.22 In (900 / 298.2) = 243.936 kJ/kmol K 
(The integrated-equation values are -43 656 and 240.259) 

AH 900 K = l(-43 447) + l(-393 522 + 28 030) 

- 2(-110 527 + 18 397) - 2(0 + 17 657) = -259 993 kJ 

AS 900 K = 1(243.935) + 1(263.646) 

- 2(231.074) - 2(163.060) = -280.687 kJ/K 
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AG 900 K = -259 993 - 900(-280.687) = -7375 kJ 

+7375 

^^^“ 8.3145x900“^’^^^^’ K-2.679 




y cH 4 y C02 _ 

2 2 lpo9 “ 

ycoyH2 ^ 


xxxx(10.76-2x)^ 

(4-2x)2(3-2x)2 




x(10.76-2x) _ P ^ 
(4-2x)(3-2x) pOV^ 



V2.679 = 16.368 


By trial & error, x = 1.2781 

^CH4~^C02~ 

yH2~^’^^^’ yCH4~yC02~^’^^^’ yN2~^’^^^ 



Sonntag, Borgnakke and van Wylen 


15.83 


One kilomole of liquid oxygen, O 2 , at 93 K, and x kmol of gaseous hydrogen, H^, 
at 25°C, are fed to a combustion chamber, x is greater than 2, such that there is 
excess hydrogen for the combustion process. There is a heat loss from the 
chamber of 1000 kJ per kmol of reactants. Products exit the chamber at chemical 
equilibrium at 3800 K, 400 kPa, and are assumed to include only H 2 O, H 2 , and O. 

a. Determine the equilibrium composition of the products and also x, the amount of 
H 2 entering the combustion chamber. 

b. Should another substance(s) have been included in part (a) as being present in 
the products? Justify your answer. 


X H 2 1 02 


2 H 2 O + (x- 2 ) H 2 


(1) 1 H 2 O ^ 1 H 2 + 1 O 


shift 


-a 


Equil 2-a 


+a +a 
x- 2 +a a 


and a > 0 


a < 2 and 


ntot = X + a 


( 2 ) 2 H 20 ^ 2 H 2 +1 O 2 In K 2 =-1.906 


(3) 1 O 2 ^ 2 O 


In K 3 = -0.017 


InKi =0.5( In K 2 +in K 3 ) =-0.9615 => Ki = 0.3823 


Equil.: 


Ki 


1 =# 1 ^ = ^ = 0.95575 


(P/Po)i ( 2 -a)(x+a) 


4 


1st law: Q + Hr = Hp, Q = (l-i-x)(-1000) kJ 


* 


Table A. 8 : AhjQ = -5980 k.T/kmol 


[or = 0.922 X 32(93 - 298.2) = - 6054 kJ/kmol ] 

Eig. D.2: Tr = 93/154.6 = 0.601, Ahf=-5.16xRxl54.6 = -6633 

Hr = x(0 + 0) + 1(0 + AiiiG + Aiif) = l(-5980 - 6633) = - 12613 kJ 

Hp = (2-a)(-241 826 + 171 981) + (x-2+a)(0 + 119077) 

+ a(249170 +73424) = 119077 x + 511516 a - 377844 
= Q + Hr = -1000 - 1000 X - 12613 


Rearrange eq. to: x -H 4.2599 a = 3.03331 


Substitute it into the equilibrium eq.: 


(1.03331 + 5.2599 a) a 
(2-a)(3.03331-3.2599a) 


0.095575 


Solve a = 0.198, EHS = 0.09547, x = 2,1898 

yH 20 = = 0.755, yH2= = 0.162, yo = ^^= 0.083 

Other substances and reactions: 2 H 2 O <=> H 2 + 2 OH, In K = -0.984, 
H 2 <=> 2 H, : In K= 0.201, O 2 <=> 2 O, : In K=-0.017 

All are significant as K's are of order 1. 
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15.84 

Saturated liquid butane (note: use generalized charts) enters an insulated constant 
pressure combustion chamber at 25°C, andx times theoretical oxygen gas enters 
at the same pressure and temperature. The combustion products exit at 3400 K. 
Assuming that the products are a chemical equilibrium gas mixture that includes 
CO, what is xl 

Butane: Tj = 25*^0, sat. liq., xj = 0, T^ = 425.2 K, P^ = 3.8MPa 
Tj.j = 0.7, Figs. D.land D.2, Pj.j = 0.10, Pj = Pj.jP^ = 380 kPa 

Fig D.2: (hj - hjf = 4.85 RT^ 

Oxygen: T 2 = 25*^0, X * theoretical air Products: T 3 = 3400 K 


C 4 H 10 + 6.5X O 2 => 4 CO 2 + 5 H 2 O + 6.5(X-1) O 2 



2 CO 2 

<=> 2CO 

+ O 2 

Initial 

4 

0 

6.5(X-1) 

Change 

- 2 a 

2 a 

a 

Equil. 

4-2a 

2 a 

6.5(X-l) + a n^Q^ = 2.5 + a + 6.5X 

nc 02 = 

4- 2 a, 

nco = 2 a, 

no 2 = 6.5(X-1) + a, nH20 = 5, 


2 a 


4- 2 a 


yco 


2.5 + a+6.5X 


yco2 


2.5 + a+6.5X 


_ 6.5(x - 1) + a 
^02 “ 2.5 + a +6.5X 


The equilibrium constant is 


K = 


ycoyo 


2 


2 

yco 


/T. ^2+l-2 


p 


1 


p 

V^oy 


^ a 32 76.5X - 6.5 + a^ 


V 


2-aj ^6.5X-2.5 + aj 


/-r\ \ 


p 


1 


p 

V^oy 


2 



T 3 = 3400 KTableA.il, ln(K) = 0.346, K= 1.4134 


1.4134 = 


^ a 32 76.5X - 6.5 + a^ 


V 


2-aj U.5X-2.5 + aj 


(3.76) 


Equation 1. 


Need a second equation: 

Energy eq.: + % = Hp + W^y; 


Qcv ^cv 0 


cv 


Hr = (hf + Ah) 


C4H10 


= (-126 200 - 17 146) = -143 346 kJ 
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Products @ 3400 K: 







= (4 - 2a)(-393 522 + 111 836) + 2a(-l 10 527 + 108 440) 

+ [6.5(X - 1) + a](0 + 114101) + 5(-241 826 + 149 073) 

= -463 765 kJ/kmol 

Hp = Hp, => 1924820 = 541299a + 741656.5 X Equation 2. 

Two equations and two unknowns, solve for X and a. 


a ^0.87, X=l,96 



15.85 


Derive the van’t Hoff equation give 
15.15. Note: the d(g/T) at eonstant; 
the relations in Eqs. 13.18 and 13.1 


Eq. 15.12: AG° = Vc gc + Vd g 

Eq. 15.15: InK = AG°/RT 

dlnK _ d AG° 1 dG° 
dT “ ■ dT ^ RT ^ “ "RT dT " 


—7 [AG° + T AS°] 

rt2 l j 
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in problem 15.48, using Eqs.15.12 and 
for eaeh eomponent ean be expressed using 


) .0 .0 
3 - VA gA - Vb gB 


Eq. 13.19: 


AG° = AH° - T AS° 


RT 


rt 2 ^ dT 1 


used Eq.13.19 
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15.86 

A coal gasifier produces a mixture of 1 CO and 2 H 2 that is then fed to a eatalytie 
eonverter to produee methane. A ehemieal-equilibrium gas mixture eontaining 
CH 4 , CO, H 25 and H 2 O exits the reactor at 600 K, 600 kPa. Determine the mole 
fraetion of methane m the mixture. 



CO 

+ 3 H 2 ++ 

CH 4 

+ H 2 O 

Initial 

1 

2 

0 

0 

Change 

-X 

-3x 

X 

X 

Equil. 

1 -x 

2-3x 

X 

X 

= (l-x) 

+ ( 2 - 

3x) + X + X 

= 3 - 

2 x 


K = 


yCH4yH20 

3 

ycoyH2 


/ T\\ 


p 


p 

v^oy 


( 1 + 1 - 1 - 3 ) --2 


X 


2 


(l-x)(2-3x) 


/ T\\ 


p 


p 

V^oy 


-2 


InK = - AG^/R; AG^ = AH^ - TAS^ 



= [-74873 + 2.254x16.04(600 - 298.15)] + (-241826 + 10499) = -295290 

Hr = nco (h? + Ah) + n^2 (h? + Ah) = 1(-110527 + 8942) + 3(0 + 8799) 

=-75188 kJ 


AH^oo = Hp - Hr = -295290 - (-75188) = -220102 kJ 

(Sp)cH 4 = 4o + Cpln(T/To) = 186.251 + 2.254x16.04 ln(600/298.2) = 211.549 

(4 )h 20 = 213.051 kJ/kmol-K; Sp = 424.6 kJ/K 

(kp)co = 218.321 kJ/kmol-K, (kp)H 2 = 151.078 kJ/kmol-K 



= (211.549 + 213.051)-(218.321 + 3 X 151.078) =-246.955 kJ/K 
AGO = AHO - TASO = -220 102 - 600(-246.955) = -71929 kJ, 

InK = -(-71915)/(8.31451x600)= 14.418 => K= 1.827x10^ 

Solve for X, x = 0.6667, n^Q^= 1.6667, ycH 4 ^ 0.4 
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15.87 

Dry air is heated from 25°C to 4000 K in a 100-kPa eonstant-pressure proeess. 
List the possible reaetions that may take place and determine the equilibrium 
composition. Find the required heat transfer. 

Air assumed to be 21% oxygen and 79% nitrogen by volume. 

From the elementary reactions we have at 4000 K (A. 10) 

( 1 ) 02<=>2 0 Ki = 2.221 =yo/yo 2 

(2) <=> 2 N K 2 = 3.141 X 10-6 = yN/yN 2 

(3) + O 2 <=> 2 NO K 3 = 0.08955 = yNo/yN 2 yo 2 

Call the shifts a,b,c respectively so we get 
no 2 = 0.21-a-c, no = 2a, nN 2 = 0.79-b-c, nN = 2b, 
nNo = 2 c, ntot = 1 +a+b 

From which the molefractions are formed and substituted into the three 
equilibrium equations. The result is 

Ki = 2.221 = yo/yo 2 = 4a2/[(l+a+b)(0.21-a-c)] 

K 2 = 3.141 X 10-6 = yN/yN 2 = 4b2/[(l+a+b)(0.79-b-c)] 

K 3 = 0.08955 = yNo/yN 2 yo 2 = 4c2/[(0.79-b-c)(0.21-a-c)] 

which gives 3 eqs. for the unknowns (a,b,c). Trial and error assume b = c = 0 
solve for a from Ki then for c from K 3 and finally given the (a,c) solve for b 
from K 2 . The order chosen according to expected magnitude Ki>K 3 >K 2 

a = 0.15, b = 0.000832, c = 0.0244 => 
no 2 = 0.0356, no = 0.3, nN 2 = 0.765, nN = 0.00167, nNo = 0.049 

Q = Hex - Hin = no 2 Aho 2 nN 2 AhN 2 no(hfo Abo) 

+ nN(hfN ARn) nNo(hfNO ARno) - 0 
= 0.0356 X 138705 + 0.765 x 130027 + 0.3(249170 + 77675) 

+ 0.00167(472680 + 77532) + 0.049(90291 + 132671) 

= 214 306 kJ/kmol air 

[If no reac. Q = no 2 ARo 2 nN 2 ARN 2 = 131 849 kJ/kmol air] 
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15.88 


Methane is burned with theoretieal oxygen in a steady flow proeess, and the 
produets exit the eombustion ehamber at 3200 K, 700 kPa. Caleulate the 
equilibrium eomposition at this state, assuming that only CO , CO, H O, H , O , 
and OH are present. 

Combustion: CH 4 + 2 O 2 ^ CO 2 + 2 H 2 O 

Dissoeiation reaetions: 



2 H 2 O ^ 2 H 2 + O 2 


2) 2 H 2 O ^ H^ + 2 OH 


ehange - 2 a + 2 a +a ehange - 2 b +b + 2 b 


N 

N 


3) 2 CO 2 ^ 2 CO + O 2 

ehange - 2 e + 2 e +e 


At equilibrium: 

... = 2 - 2 a- 2 b 

n„- = 

a+c 

w ft ^ M ^ 

l- 2 o 

H2U 

H2 “ 

2 a+b 

I 

0 c 

II 

2 b 

C02 

2 o 





Utot “ 

3+a-i-b+o 


Produets at 3200 K, 700 kPa 


^ ( 2a-l-b \2/ a+e \/700\ 

Ki “ 328 - (2.2a-2b) (3+a+b+e)(lOo) 

/ 2b 2a+b \/ 700 \ 
K 2 = 265 = (2.2a-2b) (3+a+b+e)(lOo) 


/ 2c a+c \/700\ 
K 3 " ^-^26 135 = (j.2c) (3+a+b+c)(lOo) 


These 3 equations must be solved simultaneously for a, b, & e. If solving by 
hand divide the first equation by the seeond, and solve for e = fn(a,b). This 
reduees the solution to 2 equations in 2 unknowns. Solving, 

a = 0.024, b = 0.1455, 0 = 0.236 


Substanoe: 

H^O 


O 2 

OH 

CO 2 

CO 

n 

1.661 

0.1935 

0.260 

0.291 

0.528 

0.472 

y 

0.4877 

0.0568 

0.0764 

0.0855 

0.1550 

0.1386 
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Sonntag, Borgnakke and van Wylen 


Equilibrium 


15.89 


Carbon dioxide at 2200 Ibf/in.^ is injected into the top of a 3-mi deep well in 
connection with an enhanced oil recovery process. The fluid column standing in 
the well is at a uniform temperature of 100 F. What is the pressure at the bottom 
of the well assuming ideal gas behavior? 


7 . 

. 1 



CO 2 

7 - 

. 2 

^2 


(Z 1 -Z 2 ) = 3 miles = 15 840 ft 

Pj = 2200 Ibf/in^, T = 100 F = const 

Equilibrium and ideal gas beahvior 

-Wrev = 0 = Ag + APE = RT In (P 2 /P 1 ) + g(Z 2 -Zi) = 0 


. X 32,2x15 840 ^ 

In (P 2 /P 1 ) - 32.2x35.1x559.7 “ 


P 2 = 2200 exp(0.8063) = 4927 M/in 
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Chemical equilibrium, Equilibrium Constant 
15.90 

Calculate the equilibrium constant for the reaetion O 2 <=> 20 at temperatures of 
537 Rand 10 000 R. 

Find the change in Gibbs funetion at the two T’s from Table F.6: 

537 R: AH*^ = 2hJo - lh?o 2 = 2 x 107 124 = 214 248 Btu/lbmol; 

AS“ = 2so - lso 2 = 2 X 38.442 - 48.973 = 27.911 Btu/lbmol R 

AG° = AH° - TAS° = 214 248 - 537 x 27.911 = 199 260 Btu/lbmol 

. +199 260 

~ RT ~ 1-98589x537 

10 000 R: ah'* = 2hfo - lh?o2 = 2 (107 124 + 47 897) - 87 997 

= 222 045 Btu/lbmol; 

AS“ = 2so - lso 2 = 2 X 53.210 - 74.034 = 32.386 Btu/lbmol R 

AG° = AH° - TAS“ = 222 045 - 10 000 x 32.386 = -101 815 
In K = - AG'^/RT = 101 815/(1.98589 x 10 000) = +5.127 
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15.91 

Pure oxygen is heated from 77 F to 5300 F in a steady flow proeess at a constant 
pressure of 30 Ibf/in.^. Find the exit composition and the heat transfer. 

The only reaction will be the dissociation of the oxygen 

O 2 « 20 ; K(5300 F) = K(3200 K) = 0.046467 


Look at initially 1 mol Oxygen and shift the above reaction with x 

nQ 2 = 1 - x; no = 2x; n^^t = 1 + x; yj = n/nto, 

= A .P.^ 2-1 4x^ 1 + X ^ _8 xL 

y02^Po^ (1 + x)M - X 1 - 


x2 = 


K/8 


= 0.07599; yo2 = 0.859; yo = 0.141 


9 “ n02exho2ex + ^Oexhoex ' ho2in “ (1 + x)(yo2ho2 + Yoho) " 0 
ho2 = 45 581; ho = 107124 + 26125 = 133 249 
q = 1.076(0.859 x 45581+0.141 x 133249) = 62345 Btu/lbmol O 2 
q = q/32 = 1948 Btu/lbm (=1424 if no dissociation) 
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15.92 


Air (assumed to be 79% nitrogen and 21% oxygen) is heated in a steady flow 

process at a constant pressure of 14.7 Ibf/in.^, and some NO is formed. At what 
temperature will the mole fraction of NO be 0.001? 

O. 79 N 2 + O. 2 IO 2 heated at 14.7 Ibf/in^, forms NO 


At exit, y^Q = 0.001 


N2 + O2 


-X 


-X 


2 NO 

+2x 


nN2 = 0.79 - X 
0^2 = 0.21 - X 
nNo = 0 +2x 


n = 1.0 


^NO 1.0 


x = 0.0005 


nN2 = 0.7895, nQ2 = 0.2095 


K = 


2 

Yno 


P 


yN2y02 P 




10 


-6 


0.7895x0.2095 


= 6.046x10'^ or lnK =-12.016 


From Table A.l 1, T = 1444 K = 2600 R 
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15.93 

The combustion products from burning pentane, C 5 Hj 2 , with pure oxygen in a 
stoichiometric ratio exists at 4400 R. Consider the dissociation of only CO 2 and 
find the equilibrium mole fraction of CO. 


CgHj2 + 8 O 2 ^ 5 CO 2 + 6 H 2 O 


At 4400 R, 

In K = -7.226 
K = 7.272x10'^ 


Assuming P = P° = 0.1 MPa, 


K = 


^^^02 P 


2 z 


2 CO 2 ^ 2 CO + 1 O 2 


Initial 5 
Change 


0 

-2z 


Equil. 5-2z 2z 


yco 


= = ^-272x10-^; 


0 

+2z 


+z 


Trial & error on z: z = 0.2673 

= 4,4654; = 0.5346; = 0.2673 


y(2Q = 0.1015 
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15.94 

Pure oxygen is heated from 77 F, 14.7 Ibf/in.^ to 5300 F in a constant volume 
container. Find the final pressure, composition, and the heat transfer 

As oxygen is heated it dissociates 

O 2 20 In Kgq =-3.069 

C. V. Heater: U 2 - Uj = 1 Q 2 = H 2 - Hj - P 2 V + PjV 


Per mole O 2 : iq 2 = 62 - hj + R(Ti - (n 2 /ni)T 2 ) 


Shift X in reaction final composition: (1 - x )02 + 2x0 


ni = 1 


nT = l- x + 2x=l+x 


y 02 = (1 - x)/(l + x); yo = 2x/(l+x) 


Ideal gas and V 2 = V 


1 


^2 ~ Pi%T2/njTj 


P2/Po = (1+x)T2/Ti 


Substitute the molefractions and the pressure into the equilibrium equation 


Keq = e-3 0® - 


yo ,^2, , 2x ^ 7 fi+x, ,1+x, T 2 

= = (T777) (■ 


yo 2 Pq 


1 + x^ '' 1 - X 


•)(■ 


1 


■) (j) 


^ = 0.00433 

1 - X T 2 


x = 0.0324 


( 1102)2 = 0.9676, (no )2 = 0.0648, n 2 = 1.0324 


iq2 = 0.9676(45 581) + 0.0648(107 124 + 26 125) - 0 

+ 1.98589(536.67-1.0324 x 5760) = 41 996Btu/lbmol O 2 
y02= 0.9676 / 1.0324 = 0.937; yo = 0.0648/1.0324 = 0.0628 
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15.95 

The equilibrium reaetion with methane as CH 4 <:^> C + 2 H 2 has In K = -0.3362 at 

1440 R and In K = -4.607 at 1080 R. By noting the relation of K to temperature, 
show how you would interpolate InK in (1/T) to find K at 1260 R and eompare 
that to a linear interpolation. 


In K = -0.3362 at 1440 R 


InK = -4.607 at 1080 R 


1 


1 


InK 


1260 


1260 


1440 

-^x (-4.607 + 0.3362) 


1080 ■ 1440 


= -0.3362 + 


1440 

1260 


-1 


1440 

1080 


X (-4.2708) =-2.1665 


-1 


Linear interpolation: 


1260 - 1080 
“^^1260 1440 - 1080 


1 


- InKjQgp) 


= -4.607 + 2 (-0.3362 + 4.607) = -2.4716 
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15.96 

A gas mixture of 1 pound mol carbon monoxide, 1 pound mol nitrogen, and 1 

pound mol oxygen at 77 F, 20 Ibf/in.^, is heated in a constant pressure steady 
flow process. The exit mixture can be assumed to be in chemical equilibrium with 
CO 2 , CO, O 2 , and N 2 present. The mole fraction of CO 2 at this point is 0.176. 

Calculate the heat transfer for the process. 


initial mix: 

1 CO, 1 0„ 



Equil. mix: 
CO^, CO, O^, 

P = 20 Ibf/in^ 


reaction 

2 CO 

initial 

0 

change 

+2x 

equil. 

2 x 


2 CO 
1 

-2x 
(1 -2x) 


+ O2 

1 


-X 

(1-x) 





X = 0.242 65 


"^coi *^-4853 
nco = 0.5147 






757 35 


^ < 




^002 0.176 

^co “0.186 67 
yQ2 = 0.274 67 




ycoyo2 

2 

Ycoi 



0.186 67^x0.274 67/ 20 


0.176 


{ 


14.504 


) = 0.426 07 


Since Table A.l 1 corresponds to a pressure of 100 kPa, which is 14.504 
Ibf/in^. Then, from A.l 1, = 3200 K = 5760 R 

H„ = -47 518Btu 

K 

Hp = 0.4853(-169 184 + 71 075) + 0.5147(-47 518 + 43 406) 

+ 0.757 35(0 + 45 581) + 1(0 + 43 050) = +27 842 Btu 
= Hp - = 27 842 - (-47 518) = +75 360 Btu 
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15.97 

Use the information in problem 15.95E to estimate the enthalpy of reaetion, AH*^, 
at 1260 R using the van’t Hoff equation (see problem 15.48) with finite 
differences for the derivatives. 


dlnK = [AH°/RT ]dT or solve for AH 


O 


„ - 2 dlnK - 2 A lnK 

AH° = RT —r;r = RT 


dT 


AT 


= 1.98589 X 1260 x 


2 -0.3362 + 4.607 


1440- 1080 


= 37403 Btu/lb mol 


[Remark: compare this to F.6 values + F.4, F.l 1, 

AH° = H^ + 2Hj^ - H^jj = 0.146 x 12 x (1260-537) + 2 x 5044 

- 0.538 X 16.043 x (1260-537) -(-32190) = 37304 ] 
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15.98 


Acetylene gas at 77 F is burned with 140% theoretical air, which enters the 

burner at 77 F, 14.7 Ibf/in.^, 80% relative humidity. The eombustion products 
form a mixture of CO 2 , H 2 O, N 2 , O 2 , and NO in ehemical equilibrium at 3500 F, 

14.7 Ibf/in.^. This mixture is then eooled to 1340 F very rapidly, so that the 
eomposition does not ehange. Determine the mole fraetion of NO in the produets 
and the heat transfer for the overall proeess. 

an, + 3.5 O, + 13.16N, + water ^ 


2 CO 2 + 1 H^O + 1 O 2 + 13.16 N^ + water 
Water: P.^ = 0.8x0.46 = 0.368 Ibf/in^ 



P 


V 


= nAXp 


A 


0.368 

(3-5+13-16)x^4_332 


0.428 


So, total H^O in produets is : 1 + n.^ = 1.428. 


a) reaction: N^ + O 2 <=^> 2 NO 


change : -x -x +2x 

at 3500 F = 3960 R (=2200 K), fromA.il: K = 0.001 074 

Equilibrium produets: 

nj^2 = 13.16-x, n^Q = 0+2x, = 17.588 


K = 


(M 


(l-x)(13.16-x) 


By trial and error. 


= 0.001 074 
x = 0.0576 



2x0.0576 

17.588 


= 0.006 55 


b) Final products (same composition) at 1340 F = 1800 R 

= 1(97 476) + 0.428(-103 966) = 52 979 Btu 

Hp = 2(-169 184+14 358)+ 1.428(-103 966+11 178) 

+ 0.9424(0+9761) + 13.1024(0+9227) + 0.1152(38 818+9557) 
= -306 486 Btu 

Qcv = Hp - Hj^ = -359 465 Btu 
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15.99 

An important step in the manufacture of chemical fertilizer is the production of 
ammonia, according to the reaction: N 2 + 3 H 2 <=^> 2 NH 3 

a. Calculate the equilibrium constant for this reaction at 300 F. 

b. For an initial composition of 25% nitrogen, 75% hydrogen, on a mole basis, 

calculate the equilibrium composition at 300 F, 750 Ibf/in.^. 

IN, + 3H, <=> 2NH, at 300 F 



hNH3 300F = -19 656 + 0.509x17.031(300-77) = -17723 

760 

Snh3 300F ^ 45.969 + 0.509x17.031 In= 48.980 


AH 3 oof = 2(-17723)- 1(0+ 1557) - 3(0 + 1552) =-41 659Btu 

AS 3 oof = 2(48.98)- 1(48.164)- 3(33.60) =-51.0Btu/R 

AG 300 F = -41 659 - 760(-51.0) = -2899 Btu 

+2899 

^^“ 1.98589x760“^'^^^^’ K-6.826 






n 

y 

NH3 

1.848 

0.8591 

N 2 

0.0758 

0.0352 

H 2 

0.2273 

0.1057 


► Trial & Error: 
X = 0.9242 
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Simultaneous Reactions 
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15.100 


Ethane is burned with 150% theoretieal air in a gas turbine eombustor. The 
produets exiting eonsist of a mixture of CO 2 , H 2 O, O 2 , N 2 , and NO in ehemieal 

equilibrium at 2800 F, 150 Ibf/in.^. Determine the mole fraction of NO in the 
products. Is it reasonable to ignore CO in the products? 

Combustion: 

C,H^+ 5.25 0^+19.74 N^ ^ 2 CO^ + 3 H,0 + 1.75 O, + 19.74N, 

2o L L 11 I I 


a) Products at 2800 F, 150 Ibf/in^. Equilibrium mixture: CO,, H,0, O,, N,, NO 



N, + 

O 2 

« 2NO 

initial 

19.74 

1.75 

0 

change 

-X 

-X 

+2x 

equil. 

19,74-x 

1.75-x 

2 x 

comp. n^Q 2 

“ ^H20 “ ^^02 

= 1.75-x, 

n^2 = 19.74 


K= 1.283x10'^ = 


2 

Yno 


PxO 


yN2y02 P 


(E) = 


4x 


(19.74-x)(1.75-x) 


Solving, X = 0.032 95 


y 


NO 


2x0.032 95 
26.49 


= 0.002 49 


NO 


= 2x 


b) 


initial 

change 

equil. 


2 CO 
2 

-2a 

2 -2a 


2 CO 
0 

+2a 

2 a 


+ 


O 2 

0 

+2x 

2 x 


K = 5.259x10'^ = 


ycoyo2/^xi 

VpoJ 


2a x2/1.75-x+ax/ 150 


2 

yco 2 


=( 5 ^) ( 


2-2a2 V26.49+a2Vi4.504 


)( 


) 


Since Table A.l 1 corresponds to a pressure Pq of 100 kPa, which is 14.504 

Ibf/in . This equation should be solved simultaneously with the equation 
solved in part a) (modified to include the unknown a). Since x was found to 
be small and also a will be very small, the two are practically independent. 
Therefore, use the value x = 0.032 95 in the equation above, and solve for a. 


a x2/1.75-0.032 95+ax /14.504x 




26.49+a 


) = ( 


150 


)x5.259xl0'^ 


Solving, a = 0.000 28 or y =2.1x10'^ negligible for most applications. 


CO 
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15.101 


One pound mole of air (assumed to be 78% nitrogen, 21% oxygen, and 1% argon) 

at room temperature is heated to 7200 R, 30 Ibf/in.^. Find the equilibrium 
eomposition at this state, assuming that only N 2 , O 2 , NO, O, and Ar are present. 


1 Ibmol air (0.78 N^, 0.21 O 2 , 0.01 Ar) heated to 7200 R, 30 Ibf/in^. 


1 ) 


N2 + 02«2N0 


change -a -a 


2) O, « 2 O 


+2 a change -b +2b 


Equil.; 


nN2 = 
^^02 “ 


0.78-a 

0 .21-a-b 


Kj = 0.0895 = 


nAr = 
= 

4a2 


0.01 

2 b 


(0.78-a)(0.21-a-b) ^14.504 


( 


30 


) 


0 


K =2.221 = 


4b 


(l+b)(0.21-a-b) ^14.504 


( 


30 


) 


n = 


2 a 

1 +b 


Divide 1st eq'n by 2nd and solve for a as function(b), using 


K 


X = -^(^) =0.083 35 


K, Vp 




4x0.78(l+b) -| 

Xb^ 


b2 

K 2 

= 0.268 44 



(l+b)(0.21-a- 

■b) 4(P/P°) 



Assume b = 

0.1269 


From (1), get 

a = 0.0299 

Then, check a & b in (2) 

^OK 



Therefore, 





Subst. 

N2 

02 

Ar 

0 

n 

0.7501 

0.0532 

0.01 

0.2538 

y 

0.6656 

0.0472 

0.0089 

0.2252 


( 1 ) 

( 2 ) 


NO 

0.0598 

0.0531 














Sonntag, Borgnakke and van Wylen 


15.102 


One pound mole of water vapor at 14.7 Ibf/in.^, 720 R, is heated to 5400 R in a 
constant pressure steady flow process. Determine the final composition, assuming 
that H 2 O, H 2 , H, O 2 , and OH are present at equilihrium. 

Reactions: 


1) 2H20^2H2 + 02 2) 2H20«H2+20H 

change - 2 a + 2 a +a change - 2 h +h + 2 h 

3) H 2 « 2 H 
change-c + 2 c 

At equilihrium (5400 R, 14.7 Ihf/in^) 



l-2a-2h 


2 h 

= 

2 a-l-h-c 

= 

2 c 


a 

^TOT ~ 

1 +a+h+c 


2.062x10'^ 

/2 a+h-c \2^ a \ 


(P/P“) 

1.03 

M-2a-2h^ M+a+h+c^ 



2.893x10'^ 

/ 2a+h-c \/ 2h \2 


(P/P°) 

1.03 

^ 1 -t-a+h+c^ X 1 -2a-2h^ 


K3 

2.496x10-2 

(2a)2 


(P/P°) 

1.03 

(2a+h-c)( 1 +a+h+c) 



These three equations must he solved simultaneously for 
a, h & c: a = 0.0622, h = 0.0570, c = 0.0327 


njj 2 o^ 0.7616 yjj 2 o^ 0.6611 
nj ^2 =0.1487 yj ^2 =0.1291 
0^2 = 0.0622 yQ 2 = 0.0540 


and 
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15.103 


Acetylene gas and x times theoretieal air {x> 1) at room temperature and 75 

Ibf/in.^ are burned at eonstant pressure in an adiabatie steady flow process. The 
flame temperature is 4600 R, and the eombustion products are assumed to consist 
of N 2 , O 2 , CO 2 , H 2 O, CO, and NO. Determine the value of v. 

Combustion: 


C 2 H 2 + 2.5x02 + 9.4 xN2 ^2 CO 2 + H 2 O + 2.5(x-1)02 + 9.4xN2 

Eq. products 4600 R, 75 lbf/in2: N 2 , O 2 , CO 2 , H 2 O, CO, NO 


2 Reactions: 


1 ) 

2 CO 2 « 2 CO + O 2 

2 ) 

N2 + 02«2N0 

ehange 

-2a +2a +a 

ehange 

-b -b +2b 

Equil. Comp.: 




9.4x-b 

^C02 ~ 

2 -2a 

^^02 “ 

2.5x-2.5+a-b 

%20 “ 

1 

II 

0 

u 

2 a 


2 b 

Utot 

11.9x+0.5+a 




At 4600 R, from A. 17: = 2.359xl0■^ K 2 = 4.249x10 


-3 


K 


1 


(P/P“) 


2.359x10-^ 

5.103 


= 4.622x10 “'=(t-) (ff 


a \2/2.5x-2.5+a-b\ 


9x+0.5+a 




K =4.249x10'^ = 


_[2br_ 

(9.4-b)(2.5x-2.5+a-b) 


Also, from the 1st law: Hp - = 0 where 

= l(+97 477) + 0 + 0 = +97 497 Btu 

Hp = (9.4x-b)(0+32 817) + (2.5x-2.5+a-b)(0+34 605) 

+ (2-2a)(-169 184+53 885) + 1(-103 966+43 899) 

+ 2a(-47 518+33 122) + 2b(38 818+31 161) 

Substituting, 

394 992 XX + 236 411 xa + 72 536 x b - 377 178 = 97477 

whieh results in a set of 3 equations in the 3 unknowns x,a,b. Trial and error 
solution from the last eq. and the ones for Ki and K 2 . The result is 

x = 1.12, a = 0.1182, b = 0.05963 
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Review problems 
15.104 

Methane is burned with theoretical oxygen in a steady flow process, and the 

products exit the combustion chamber at 5300 F, 100 Ibf/in.^. Calculate the 
equilibrium composition at this state, assuming that only CO 2 , CO, H 2 O, H 2 , O 2 , 

and OH are present. 


Combustion: CH^ + 20^^ CO^ + 2 H^O 

Dissociation reactions: At equilibrium: 


1 ) 


’^H20 “ 

2 - 2 a- 2 b 

change - 2 a + 2 a +a 



2 a+b 

2) 2 H^O ^ + 2 OH 


^^02 “ 

a+c 

change - 2 b +b + 2 b 


II 

0 

2 b 

3) 2 CO 2 « 2 CO + O 2 


'^C02 

l- 2 c 

change - 2 c + 2 c +c 


n 

0 

II 

2 c 



Utot 

3+a+b+c 

Products at 5300F, 100 Ibf/in^ 



Kj = 0.007 328 = ( 

< 2 a+b \2 

/ a+c \/ 100 \ 


< 2 - 2 a- 2 b^ 

V3+a+b+cAi4.504/ 


= 0.012 265 = 1 

< 2 b x 2 

/ 2 a+b \/ 100 \ 


< 2 - 2 a- 2 b^ 

V3+a+b+cAi4.5047 


K 3 = 0.426 135 = ( 

. 2 c 

a+c 100 \ 


H-2c2 V3+a+b+c2Vi4.504/ 



These 3 equations must be solved simultaneously for a, b, & c. If solving by 
hand divide the first equation by the second, and solve for c = fn(a,b). This 
reduces the solution to 2 equations in 2 unknowns. Solving, 

a = 0.0245, b = 0.1460, c = 0.2365 


Substance: 

H20 

H2 

02 

OH 

C02 

CO 

n 

1.659 

0.195 

0.260 

0.292 

0.527 

0.473 

y 

0.4871 

0.0573 

0.0763 

0.0857 

0.1547 

0.1389 
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15.105 


In a test of a gas-turbine eombustor, saturated-liquid methane at 210 R is to be 
burned with excess air to hold the adiabatic flame temperature to 2880 R. It is 
assumed that the products consist of a mixture of CO 2 , H 2 O, N 2 , O 2 , and NO in 

chemical equilibrium. Determine the percent excess air used in the combustion, 
and the percentage of NO in the products. 

CH4 + 2XO2 + 7.52XN2 




> 1 CO 2 + 2 H^O + (2x-2) O 2 

+ 7 . 52 XN 2 


Then 

N 2 

+ 0 , « 

2 NO 

Also CO 2 

H^O 

init 

7.52x 

2x-2 

0 

1 

2 

eh. 

-a 

-a 

+2a 

0 

0 

equil. 

(7.52x- 

a) (2x-2-a) 

2a 

1 

2 


= 1 + 9.52x 


2880 R: lnK =-10.55, K = 2.628x10'^ 


2.628x10'^ K = 


Yno /P 

yN2yo2 




Yno 


4a 


yN 2 yo 2 (7.52x-a)(2x-2-a) 


= 1 [-32 190 + (-1854-4300)]+ 0 + 0 (assume 77 F) = -38 344 Btu 
Hp = 1(-169 184 + 29 049) + 2(-103 966 + 22 746) 

+ (7.52x-a)(18 015) + (2x-2-a)(19 031) + 2a(38 818+ 18 624) 


= -340 639 + 173 535 x + 77 838 a 
Assume a ~ 0, then from - H„ = 0 


R 


x= 1.742 


Subst. 


a 


(13.1-a)(1.484-a)' 
Use this a in 1st law 


2.628x10 

4 


-5 


get aw 0.01125 


302 295 - 77 838x0.01125 . , 

X =--= 1.737 


173 535 


a 


(13.062-a)(1.474-a) 


2.628x10 

4 


-5 


,a = 0.0112 


x= 1.737 


% excess air = 73,7 % 


2x0.0112x100 

% NO = = 0-128 % 

1+9.52x1.737 












Sonntag, Borgnakke and van Wylen 


15.106 

Dry air is heated from 77 F to 7200 R in a 14.7 Ibf/in.^ eonstant-pressure proeess. 
List the possible reaetions that may take place and determine the equilibrium 
composition. Find the required heat transfer. 

Air assumed to be 21% oxygen and 79% nitrogen by volume. 

From the elementary reactions at 4000 K = 7200 R (A.l 1): 

(1) O 2 <=> 2 0 Ki = 2.221 = yo/yo 2 

(2) <=> 2 N K 2 = 3.141 X 10-6 = yl/y^2 

(3) + O 2 <=> 2 NO K 3 = 0.08955 = yNo/yN 2 yo 2 

Call the shifts a,b,c respectively so we get 

no 2 = 0.21-a-c, no = 2a, nN 2 = 0.79-b-c, n^ = 2b, 

nNo = 2 c, ntot = Ha-l-b 

From which the molefractions are formed and substituted into the three 
equilibrium equations. The result is corrected for 1 atm = 14.7 Ibf/in^ = 
101.325 kPa versus the tables 100 kPa 

Ki =2.1511 =yo/yo 2 = 4a2/[(l+a+b)(0.21-a-c)] 

K 2 = 3.042x10-6 = yJ,/yN 2 = 4b2/[(l+a+b)(0.79-b-c)] 

K 3 = 0.08955 = yNo/yN 2 yo 2 = 4c2/[(0.79-b-c)(0.21-a-c)] 

which give 3 eqs. for the unknowns (a,b,c). Trial and error assume b = c = 0 
solve for a from Ki then for c from K 3 and finally given the (a,c) solve for b 
from K 2 . The order chosen according to expected magnitude Ki>K 3 >K 2 

a = 0.15, b = 0.000832, c = 0.0244 => 
no 2 = 0.0356, no = 0.3, nN 2 = 0.765, nN=0.00167, nNo = 0-049 

Q = Hex - Hin = no2Aho2 + nN2AhN2 + no(hfo + Aho) 

-H nN(hfN + AhN) nNo(hfNO + AhNo) - 0 
= 0.0356 X 59 632 + 0.765 x 55 902 + 0.3(107 124 + 33 394) 

+ 0.00167(203 216 + 33 333) + 0.049(38 818 + 57 038) 

= 92 135 Btu/lbmol air 


[If no reaction: Q = no 2 Aho 2 nN 2 AhN 2 = 56 685 Btu/lbmol air] 
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Concept-Study Guide Problems 


16.1 

Is stagnation temperature always higher than free stream temperature? Why? 

Yes. Sinee kinetie energy ean only be positive we have 

hg = hj + \\I2 > \ 

If it is a gas with constant heat capacity we get 

T = T + v^/2r 

16.2 

Which temperature does a thermometer or thermocouple measure? Would you 
ever need to make a correction to that? 

Since the probe with the thermocouple in its tip is stationary relative to the 
moving fluid it will measure something close to the stagnation temperature. If that 
is high relative to the free stream temperature there will be significant heat 
transfer (convection and radiation) from the probe and it will measure a little less. 
For very high accuracy temperature measurements you must make some 
corrections for these effects. 



16-5 


16.3 

The jet engine thrust is found from the overall momentum equation. Where is the 
actual force acting (it is not a long-range force in the flow)? 

The compressor is generating the high pressure flow so the blades pushes 
hard on the flow and thus a force acts in the forward direction on the shaft holding 
the rotating blades. The high pressure in the chamber with combustion also has a 
net force in the forward direction as the flow leaves in the backwards direction so 
less wall area there. The pressure drop in the turbine means its blades pushes in 
the other direction but as the turbine exit pressure is higher than the ambient 
pressure the axial force is less than that of the compressor. 


High P Low P 



16.4 

How large a force must be applied to a squirt gun to have 0.1 kg/s water flow out 
at 20 m/s? What pressure inside the chamber is needed? 

F = = m V = 0.1 X 20 kg m/s^ = 2 N 

Eq. 16.21: vAP = 0.5 

AP = 0.5 V^/v = 0.5 X 20^ / 0.001 
= 200 000 Pa = 200 kPa 



16.5 


By looking at Eq. 16.25, rank the speed of sound for a solid, a liquid, and a gas. 


Speed of sound: 


\dpy 


= c2 


For a solid and liquid phase the density varies only slightly with 
temperature and constant s is also nearly constant T. We thus expect the 
derivative to be very high that is we need very large changes in P to give 
small changes in density. 

A gas is highly compressible so the formula reduces to Eq. 16.28 which 
gives modest values for the speed of sound. 
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16.6 

Does speed of sound in an ideal gas depend on pressure? What about a real gas? 

No. For an ideal gas the speed of sound is given by Eq. 16.28 

e = V kRT 

and is only a function of temperature T. 

For a real gas we do not recover the simple expression above and there is 
a dependency on P particularly in the dense gas region above the critical 
point. 

16.7 

Can a convergent adiabatic nozzle produce a supersonic flow? 

No. From Eq. 16.33 and a nozzle so dP < 0 it is required to have dA > 0 to 
reach M > 1. A convergent nozzle will have M = 1 at the exit, which is the 
smallest area. For lower back pressures there may be a shock standing in 
the exit plane. 
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16.8 

Sketch the variation in V, T, P, p and M for a subsonic flow into a convergent 
nozzle with M = 1 at the exit plane? 

V =Mc = M = ^2Cp(To - T) 

Since we do not know the area versus length, we plot it versus mach number M. 
T, P and p relative to the stagnation state is listed in Table A. 12 and given in 
eqs. 16.34-36. A small spread sheet (M step 0.1) did the calculations. 


The curves are 
plotted as the 
variables: 




0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Mach number 


and for k = 1.4 
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16.9 

Sketch the variation in V, T, P, p and M for a sonic (M =1) flow into a divergent 
nozzle with M = 2 at the exit plane? 

V = M c = M - T) 

Since we do not know the area versus length, we plot it versus mach number M. 
T, P and p relative to the stagnation state is listed in Table A. 12 and given in 
eqs.16.34-36. 


The curves are 
plotted as the 
variables: 




0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Mach number 


and for k = 1.4 
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16.10 

To maximize the mass flow rate of air through a given nozzle, which properties 
should I try to change and in which direction, higher or lower? 

The mass flow rate is given by Eq. 16.41 and if we have M= 1 at the throat 
then Eq. 16.42 gives the maximum mass flow rate possible. 

Max flow for: 

Higher upstream stagnation pressure 
Eower upstream stagnation temperature 

16.11 

How do the stagnation temperature and pressure change in an isentropic flow? 

The stagnation temperature and stagnation pressure are constant. 

16.12 

Can any low enough backup pressure generate an isentropic supersonic flow? 

No. Only one back pressure corresponds to a supersonic flow, which is 
the exit pressure at state d in Figure 16.13. However a pressure lower than that 
can give an isentropic flow in the nozzle, case e, with a drop in pressure outside 
the nozzle. This is irreversible leading to an increase in s and therefore not 
isentropic. 

16.13 

Is there any benefit to operate a nozzle choked? 

Yes. Since the mass flow rate is constant (max value) between points c 
and d in Fig. 16.12 a small variation in the back pressure will not have any 
influence. The nozzle then provides a constant mass flow rate free of 
surges up or down which is very useful for flow calibrations or other 
measurements where a constant mass flow rate is essential. 
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16.14 

To increase the flow through a choked nozzle, the flow can be heated/cooled or 
compressed/expanded (four processes) before or after the nozzle. Explain which 
of these eight possibilities will help and which will not. 

The mass flow rate through a choked nozzle is given by Eq. 16.42. Since k and R 
are constant it varies with the upstream stagnation properties and T^,. 

After nozzle: Any downstream changes have no effects. 

Before nozzle: Upstream changes in P^, and T^ has an influence. 

a. Heat This lowers mass flow rate (T^ increases) 

b. Cool This raises mass flow rate (T^, decreases) 

c. Compress. Raises P^ and T^, opposite effects. 

k-l 

Isentropic: ^ew = Pq and ^ew = (rp) k 

k+1 

P„ new / = (fp) 2“ [P„ / VTl > [Po / ^/T] 

So the mass flow rate increases 

d. Expand. Eowers P^ and T^, opposite effects. Assume 

isentropic, then mass flow rate decreases. 
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16.15 

Which of the cases in Fig. 16.17 (a-h) have entropy generation and whieh do not? 

a. There is no flow so Sggjj = 0. 

b. Subsonic flow, reversible, so Sgg^^ = 0. 

c. Limit for subsonic flow, reversible, so Sgg^ = 0. 

d. The only supersonic reversible flow solution, so Sgg^^ = 0. 

e. Supersonic reversible in nozzle Sggjj = 0, irreversible outside, 
f Supersonic reversible in nozzle Sggjj = 0, eompression outside. 

g. Shock stands at exit plane, Sggjj > 0 aeross shoek. 

h. Shock is located inside nozzle, Sgg^ > 0 across shock. 
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16.16 

A given convergent nozzle operates so it is choked with stagnation inlet flow 
properties of 400 kPa, 400 K. To increase the flow, a reversible adiabatic 
compressor is added before the nozzle to increase the stagnation flow pressure to 
500 kPa. What happens to the flow rate? 


Since the nozzle is choked the mass flow rate is given by Eq. 16.42. The 

compressor changes the stagnation pressure and temperature. 

k-1 


Isentropic: P^, rp and 


T = T 

^ 0 new ^ 0 


(■■p) 


k+1 


P 


/yio 


=(Pp) 2^ [p„ / ^/T] 


0 new ' \} new 

SO the mass flow rate is multiplied with the factor 

k+1 /j-r\r\\2A 


(■■p) 


2k = 


rsoo 

400 


V 


2 . 8 = 1.21 


7 



16.17 


How much entropy per kg flow is generated in the shock in Example 16.9? 


The change in entropy is 

T P 

^gen ~ ~ 1^1 q’ ~ R p 

X X 

= 1.004 In 1.32 -0.287 In 2.4583 
= 0.27874 - 0.25815 = 0.0206 kJ/kg K 
Notice that could have been tabulated also. 


16.18 

Suppose a convergent-divergent nozzle is operated as case h in Fig. 16.17. What 
kind of nozzle could have the same exit pressure but with a reversible flow? 

A convergent nozzle, having subsonic flow everywhere assuming the 
pressure ratio is higher than the critical. 
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16.19 

How does the stagnation temperature and pressure change in an adiabatic nozzle 
flow with an efficiency of less than 100%? 

The stagnation temperature stays constant (energy eq.) 

The stagnation pressure drops (s is generated, less kinetic energy). 


16.20 

How high can a gas velocity (Mach number) be and still treat it as incompressible 
flow within 2% error? 


The relative error in the AP versus kinetic energy, Eq. 16.66, becomes 






y/4 X 0.02 = 0.283 
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Stagnation Properties 
16.21 

Steam leaves a nozzle with a pressure of 500 kPa, a temperature of 350°C, and a 
veloeity of 250 m/s. What is the isentropic stagnation pressure and temperature? 

Stagnation enthalpy from energy equation and values from steam tables B.1.3 

250 ^ 

ho = hi +v 2/2 = 3167.7+^^ = 3198.4 kJ/kg 
Sq = Sj = 7.6329 kJ/kg K 

It can be linearly interpolated from the printed tables 

Computer software: (h^, s^) ^ = 365°C, = 556 kPa 
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16.22 

An object from space enters the earth’s upper atmosphere at 5 kPa, 100 K, with a 
relative velocity of 2000 m/s or more . Estimate the object's surface temperature. 

hoi - hi = vJ /2 = 2000^/2000 = 2000 kJ/kg 

hoi =hi+2000= 100+ 2000 = 2100 kJ/kg => T = 1875K 
The value for hi from ideal gas table A.7 was estimated since the lowest T in the 
table is 200 K. 
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16.23 

Steam is flowing to a nozzle with a pressure of 400 kPa. The stagnation pressure 

and temperature are measured to be 600 kPa and 350°C, respectively. What are 
the flow velocity and temperature? 

Stagnation state Table B. 1.3: h^^ = 3165.66 kJ/kg, s^^ = 7.5463 kJ/kg K 
State 1: 400 kPa, Sj = s^j = 7.5463 kJ/kg K 

T, = 250 + (300 - 250) 7 5^61 ! Tjm = 

7 5463 7 3788 

h^ = 2964.16 + 7'555i !7 37gg (3066.75 - 2964.16) = 3055.9 kJ/kg 

Energy equation gives 

V2/2 = h^j -hj = 3165.66-3055.9= 109.76 kJ/kg 
Vj = y/2x (hoi - hi) = y/27m76TT^ = 468.5 m/s 
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16.24 

The products of combustion of a jet engine leave the engine with a velocity 
relative to the plane of 400 m/s, a temperature of 480°C, and a pressure of 75 kPa. 
Assuming that k = 1.32, Cp = 1.15 kJ/kg K for the products, determine the 

stagnation pressure and temperature of the products relative to the airplane. 

Energy Eq.: h^^ - \ = \\l2 = 400^/2000 = 80 kJ/kg 

T , - T = (h , - h,)/C„ = 80/1.15 = 69.6 K 

ol 1 ^ ol V V 

T = 480 + 273.15 + 69.6 = 823 K 

ol 

Isentropic process relates to the stagnation pressure 

Pqi = = 75(823/753.15)^-^2^ = 108 kPa 
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16.25 

A meteorite melts and bum up at temperatures of 3000 K. If it hits air at 5 kPa, 50 
K how high a velocity should it have to experience such a temperature? 

Assume we have a stagnation T = 3000 K 

h,+v2/2 = h^ 

1 1 stagn. 

Use table A.7, = 3525.36 kJ/kg, h^ = 50 kJ/kg 

Vj/2 = 3525.36 - 50 = 3475.4 kJ/kg (remember convert to J/kg = m^/s^) 

Vj =V2 x 3475.4 X 1000 = 2636 m/s 
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16.26 


I drive down the highway at 110 km/h on a day with 25°C, 101.3 kPa. 1 put my 
hand, cross sectional area 0.01 m^, flat out the window. What is the force on my 
hand and what temperature do I feel? 


The air stagnates on the hand surface : 


h 


1 


Y]I2 = h ^ 

1 stagn. 


Use constant heat capacity 

_ 0.5 X llO^x (1000/3600) 

T, =T,+-7^ = 25 +-77^^;^- - 

stagn. 1 1004 


25.465°C 


Assume a reversible adiabatic compression 

=P, (T, 101.3 (298.615/298.15)^-^ 

Stagn. 1 ^ stagn. V ^ ^ 

= 101.85 kPa 
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16.27 

Air leaves a compressor in a pipe with a stagnation temperature and pressure of 

150°C, 300 kPa, and a velocity of 125 m/s. The pipe has a cross-sectional area of 
0.02 m2. Determine the static temperature and pressure and the mass flow rate. 


hoi - hj = \\l2 = 125^/2000 = 7.8125 kJ/kg 
Toi - Tj = (hoi - hi)/Cp = 7.8125/1.004 = 7.8 K 
T, = T . - AT = 150 - 7.8 = 142.2 °C = 415.4 K 

1 ol 




m = pAV = 


AV PlAV 


V 


RT 


1 


= 300(415.4/423.15) 

1 _ 281.2(0.02)(125) 
0.287(415.4) 


^ ^ = 281 kPa 


= 5.9 kg/s 
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16.28 

A stagnation pressure of 108 kPa is measured for an airflow where the pressure is 
100 kPa and 20°C in the approach flow. What is the incomming velocity? 

Assume a reversible adiabatic compression 

= Tj X = 293.15 X = 299.67 K 

\\I2 = h^j - hj = Cp - Tj) = 6.543 kJ/kg 
Vj =^2 X 6.543 X 1000 = 114.4 m/s 



cb 


To the left a Pitot tube, blue inner tube measures stagnation pressure and yellow 
outer tube with holes in it measures static pressure. To the right is a stagnation 
point on a wall relative to the free stream flow at state 1. 
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16.29 

A jet engine receives a flow of 150 m/s air at 75 kPa, 5°C across an area of 0.6 m 
with an exit flow at 450 m/s, 75 kPa, 600 K. Find the mass flow rate and thrust. 

rh = pAV; ideal gas p = P/RT 

rh = (P/RT)AV = , A x 0.6 x 150 = 0.9395 x 0.6 x 150 

U.2o / X z /o. 1 j 

= 84.555 kg/s 

F =ih(V - V. ) =84.555 X (450- 150) = 25 367 N 

net ^ ex in^ ^ ^ 


Inlet High P Low P exit 



The shaft must have axial load bearings to transmit thrust to aircraft. 
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16.30 

A 4-cm inner diameter pipe has an inlet flow of 10 kg/s water at 20°C, 200 kPa. 

After a 90 degree bend as shown in Fig. P16.30, the exit flow is at 20°C, 190 kPa. 
Neglect gravitational effects and find the anchoring forces and Fy. 

D = 0.04 m ^ A = |d 2 = 0.001257 m^ 

V 10 x 0.001002 

avg pA 0.001257 

Now we can do the x and y direction momentum equations for steady flow 
and the same magnitude of the velocity, but different directions 

X-dir: 0 = rhV ,+F -rhx0 + (P,-P)A 

avg lx ^ 1 

Y-dir: 0 = rh x 0 + F -rhx(-V ~) + (P -P)A 

y avg 2^ 2 

F =-rhV ,-(P, - P)A 

X avg 1^1 0 -' 

= -10 X 7.97 - 100 X 0.001257 x 1000 = -205 N 
F =-ihV .,-(P^-P)A 

y avg 2^2 

= - 10 X 7.97 - 90 X 0.001257 x 1000 = -193 N 
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16.31 

A water cannon sprays 1 kg/s liquid water at a velocity of 100 m/s horizontally 
out from a nozzle. It is driven by a pump that receives the water from a tank at 
15°C, 100 kPa. Neglect elevation differences and the kinetic energy of the water 
flow in the pump and hose to the nozzle. Find the nozzle exit area, the required 
pressure out of the pump and the horizontal force needed to hold the ca nn on. 

. _ , 0.001001 _ , 

m = pAV = AV/v ^ A = mv/V = 1 —— = 1.0 x 10 ^ 

W = mw = mv(P - P. ) = mV ^ /2 

p p ^ ex in^ ex 

P = P. + V2/2v = 100 + 100^/2 X 1000 X 0.001 = 150 kPa 

ex in ex 

F = ihV =lxl00 = 100N 

ex 
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16.32 

An irrigation pump takes water from a lake and discharges it through a nozzle as 
shown in Fig. P16.32. At the pump exit the pressure is 700 kPa, and the 
temperature is 20°C. The nozzle is located 10 m above the pump and the 
atmospheric pressure is 100 kPa. Assuming reversible flow through the system 
determine the velocity of the water leaving the nozzle. 

Assume we can neglect kinetic energy in the pipe in and out of the pump. 
Incompressible flow so Bernoulli's equation applies (Vj = = 0) 


v(P3 - P^)+ (V2 - v 2)/2 + g(Z3 - Z^) = 0 




9.807(10) 

1000(0.001002) 


= 602 kPa 


V4/2 = V(P 3 - P4) 




= 31,72 m/s 
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16.33 

A jet engine at takeoff has air at 20°C, 100 kPa eoming at 25 m/s through the 1.0 
m diameter inlet. The exit flow is at 1200 K, 100 kPa, through the exit nozzle of 
0.4 m diameter. Negleet the fuel flow rate and find the net foree (thrust) on the 
engine. 


Aj = 10^ = 0.7854 m^; A^ = | = 0.1257 m^ 

RT 0.287 x 293.15 

Vj = -= 0.8409 m'^/kg; Vj = 3.444 m'^/kg 


m = AV/v = AjVj/Vj 


0.7854 X 25 
0.8409 


= 48.0 kg/s 



48.0 X 3.444 
0.1257 


= 1315 m/s 


Now we ean do the x direction momentum equation for steady flow and the same 
mass flow rate in and out 


X-dir: 0 = rh Vj + + (P^ - P^) A^ - m V 2 - (P 2 - P„) A 2 

Fx = - m - (P^ - P^) A^ + m V 2 + (P 2 - P„) A 2 
= m(V2-Vj)-0 + 0 = 48 (1315-25) = 61 920 N 
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16.34 

A water turbine using nozzles is located at the bottom of Hoover Dam 175 m 
below the surface of Lake Mead. The water enters the nozzles at a stagnation 
pressure corresponding to the column of water above it minus 20% due to losses. 
The temperature is 15°C and the water leaves at standard atmospheric pressure. If 
the flow through the nozzle is reversible and adiabatic, determine the velocity and 
kinetic energy per kilogram of water leaving the nozzle. 


gAZ 

AP = pgAZ = - 


9.807 X 175 


V 0.001001 X 1000 


= 1714.5 kPa 


AP =0.8 AP= 1371.6 kPa 

ac 


vAP = V^/2 

ex 


V = y/2vAP 

ex ^ 


V =v/2 x 0.001001 X 1000 X 1371.6 = 62.4 m/s 

6X 

V ^/2 = vAP = 1.373 kJ/kg 

ex ® 
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16.35 

A water tower on a farm holds 1 liquid water at 20°C, 100 kPa in a tank on top 
of a 5 m tall tower. A pipe leads to the ground level with a tap that can open a 1.5 
cm diameter hole. Neglect friction and pipe losses, and estimate the time it will 
take to empty the tank for water. 

Incompressible flow so we can use Bernoulli Equation. 

Pe = P.; V. = 0; Z =0; Z. = H 

e i’ 1 ’ e 1 

V2/2 = gZ. ^ = =y/2 X 9.807 x 5 = 9.9 m/s 

6 1 

m = pAVg = AVg/v = Am/At 

Am = V/v; A = 7 t:D^/ 4 = n x 0.015^ / 4 = 1.77 x lO''^ m^ 

^ At = Amv/AVg = V/AVg 



1 

1.77 X 10'^ X 9.9 


= 571.6 sec = 9.53 min 
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16.36 


Find the expression for the anehoring foree for an incompressible flow like in 
Figure 16.6. Show that it can be written as 



Vi-Ve 

Vi + Ve 


[(P, - P,)A, + (P, 



Apply the X-dir momentum equation for a steady flow 

0 = + (Pi - Po)Ai - (P, - Po)A, + mV. - rhV, 


Bernoulli equation for the flow is 

0.5(V^^-V5 + v(Pe-Pi) = 0 

Continuity equation gives 

in = AiVi /v = AgVg /v 
Solve for R^ from the momentum equation 


V - V = 

*e *1 


2v (Pj - Pe) 

V, + Vg 


R^ = m (Vg - Vi) + (Pg - Pg)Ag - (Pi - Pg)Ai 
AiVi 2v (Pi - Pg) 

= ^- V, + Vg + (Pe - Po)Ae - (P: - Po)A: 

Multiply in and use continuity equation for second term 


2 


Rx Vi + V, 


[p,A,Vj - PgAgVg ] + (Pg - Po)Ag - (Pi - Pg)Ai 


[PiAiV, - PgAgVg + |(Pg - Pg)AgVg - ^(P, - Pg)A,Vj 
+ |(Pg - Pg)AgVj - ^(Pj - Po)A,Vg] 


Now put the first four terms together 


2 


Rx Vi + V, 


[ J(P, - P„)AiV, - |(Pe - P„)AeVe 

+ |(P, - P„)A,Vi - ^P, - PJAjVe] 

=wrw t (Pi - Po)Ai + (Pt - p„)A J 
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16.37 

Find the speed of sound for air at 100 kPa at the two temperatures 0°C and 30°C. 
Repeat the answer for earbon dioxide and argon gases. 

From eq. 16.28 we have 

e^ = = Vl.4 x 0.287 X 273.15 X 1000 = 331 m/s 

C 3 Q = Vl-4 x 0.287 X 303.15 X 1000 = 349 m/s 
For Carbon Dioxide: R = 0.1889 kJ/kg K, k = 1.289 

Cq = V1-289 X 0.1889 x 273.15 x 1000 = 257.9 m/s 

e 3 Q = Vk289 X 0.1889 x 303.15 x 1000 = 271.7 m/s 
For Argon: R = 0.2081 kJ/kg K, k = 1.667 

Oq = V1-667 X 0.2081 x 273.15 x 1000 = 307.8 m/s 

03 Q = Vk667 X 0.2081 X 303.15 x 1000 = 324.3 m/s 



16-31 


16.38 

If the sound of thunder is heard 5 seconds after the lightning is seen and the 
weather is 20°C. How far away is the lightning taking place? 


The sound travels with the speed of sound in air (ideal gas). Use the 
formula in Eq. 16.28 

L = c X t = X t = X 0.287 x 293.15 x 1000 x 5 = 1716 m 
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16.39 


Estimate the speed of sound for steam direetly from Eq. 16.25 and the steam 
tables for a state of 6 MPa, 400°C. Use table values at 5 and 7 MPa at the same 
entropy as the wanted state. Eq. 16.25 is then done by finite differenee. Find also 
the answer for the speed of sound assuming steam is an ideal gas. 


Eq.16.25: 


5P 


AP 


= (EE) = (EE) 


State 6 MPa, 400°C 


7 MPa, s 


C2 = 


5 MPa, s 


7000 - 5000 


s = 6.5407 kJ/kg K 


V = 0.04205 m^/kg; p = 1/v = 23.777 kg/nf 

V = 0.05467 m^/kg; p = 1/v = 18.2909 kg/m 


21,.111 - n2909 


= 364.56 X 1000 


e = 603,8 m/s 


From Table A.8: Cp = 


1338.56- 1235.3 
50 


= 2.0652 kJ/kg K 


Cv = Cp - R = 2.0652 - 0.4615 = 1.6037 kJ/kg K 
k = Cp/Cy = 1.288; R = 0.4615 kJ/kg K (from A.5) 

Now do the speed of sound from Eq. 16.28 
c = \.2SS X 0.4615 X 673.15 x 1000= 632,6 m/s 
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16.40 

The speed of sound in liquid water at 25°C is about 1500 m/s. Find the stagnation 

pressure and temperature for a M = 0.1 flow at 25°C, 100 kPa. Is it possible to get 
a significant mach number flow of liquid water? 


V = Mc = 0.1 X 1500= 150 m/s 

ho = hi + M\l2 

Bernoulli Eq.: AP = Vi/2v = 2 x 0^001 ^ ^ ^ ^ 10^ Pa = 11.25 MPa 


Po = Pi + AP = 100 + 11 250 = 11 350 kPa 



+ M\ / 2Cp = 25 + 


1502 

2x4180 


27.7®C 


Remark: Notice the very high pressure. To get a higher velocity you need a higher 
pressure to accelerate the fluid, that is not feasible for any large flow rate. 
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16.41 

A convergent nozzle has a minimum area of 0.1 m and receives air at 175 kPa, 

1000 K flowing with 100 m/s. What is the baek pressure that will produee the 

maximum flow rate and find that flow rate? 

^ 1 
P 2 ^ 

^ ^ 0.528 Critical Pressure Ratio 

Find Pj,: 

ho = hi + V?/2 = 1046.22 + 100^/2000 = 1051.22 kJ/kg 
To = Ti +4.4= 1004.4 K from table A.7 

Po = Pi (To/Ti)'^(’"-i^ = 175 X (1004.4/1000)3-^ = 177.71 kPa 
The mass flow rate comes from the throat properties 

P* = 0.528 Po = 0.528 x 177.71 = 93.83 kPa 

T* = 0.8333 To = 836.97 K 

p* g2 g3 

P ^ ^ ^ 0.287 X 836.97 ^ 

V = c = -VkRT* = Vl-4 x 1000 x 0.287 x 836.97 = 579.9 m/s 
m = pAV = 0.3906 x 0.1 x 579.9 = 22.65 kg/s 
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16.42 

A convergent-divergent nozzle has a throat area of 100 mm^ and an exit area of 
175 mm2, -phe inlet flow is helium at a stagnation pressure of 1 MPa, stagnation 
temperature of 375 K. What is the back pressure that will give sonie condition at 
the throat, but subsonic everywhere else? 

For this flow we have helium with k„ = 1.667, so we eannot use the tables for air. 

He ’ 

We need the solution to the curve labeled c in Fig. 16.13. For critieal flow at the 
throat we have from Table 16.1 last column 

P* = 0.4867 Po = 486.7 kPa 

Now we need to find the conditions where the area ratio is 

AJA' = 175/100= 1.75 

E 

that is solve for M in Eq. 16.43 given the area ratio. This is nonlinear so we have to 
iterate on it. Here (k+l)/2(k-l) = 2 so look also at Fig. 16.10 for the general shape. 

M = 0.4 ^ a/a' = (1/0.4) [ 0.75(1 + 0.3333*0.42) ^ ^ 

M = 0.3 ^ a/a'= (1/0.3) [0.75(1 +0.3333*0.32) ]2= 1.9892 

M = 0.35 ^ a/a'= (1/0.35) [ 0.75(1 + 0.3333*0.352) ]2= 1.7410 

M = 0.34 ^ a/a' = (1/0.34) [ 0.75(1 + 0.3333*0.342) j2 ^ ^ 

Now do a linear interpolation for the rest to get = 0.348 ; 

Eq. 16.35 Pg/Po = [1 + 0.3333*0.3482 ]-2-5 = 0.9058 

P^ = 0.9058 X 1000 = 906 kPa 

E 
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16.43 

A jet plane travels through the air with a speed of 1000 km/h at an altitude of 6 
km, where the pressure is 40 kPa and the temperature is -12°C. Consider the inlet 
diffuser of the engine where air leaves with a veloeity of 100 m/s. Determine the 
pressure and temperature leaving the diffuser, and the ratio of inlet to exit area of 
the diffuser, assuming the flow to be reversible and adiabatie. 

V = 1000 km/h = 277.8 m/s, v^ = RT/P = 0.287 x 261.15/40 = 1.874 m^/kg 
hj =261.48 kJ/kg, 

h^j = 261.48 + 277.8^/2000 = 300.07 kJ/kg 

^ T = 299.7 K, 

ol ’ 

P^j = Pj = 40 X (299.7/261.15)^-^ = 64.766 kPa 

h^ = 300.07 - 100^/2000 = 295.07 kJ/kg ^ = 294.7 K, 

^2 = PqI = ^4.766 X (294.7/299.7)^-^ = 61 kPa 

V 2 = 0.287 X 294.7/61 = 1.386 m^/kg 

A/A^ = (Vj/v2)(V2/Vj) = (1.874/1.386)(100/277.8) = 0.487 
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16.44 

Air is expanded in a nozzle from a stagnation state of 2 MPa, 600 K to a 

baekpressure of 1.9 MPa. If the exit eross-seetional area is 0.003 m , find the 
mass flow rate. 

This eorresponds to ease c and is a reversible flow. 

PJP =1.9/2.0 = 0.95 ^ Table A. 12: M^ = 0.268 

E OX E 

T^ = (T/T T = 0.9854 x 600 = 591.2 K 

E ^ o^E 0 

Cg = ^kRTg = Vl-4 x 1000 x 0.287 x 591.2 = 487.4 m/s 
= M^e^ = 0.268 x 487.4 = 130.6 m/s 

Vg = RT/P = 0.287 X 591.2/1900 = 0.0893 m^/kg 
rh = AgVg/Vg = 0.002435 x 130.6/0.0893 = 3.561 kg/s 
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16.45 

Air flows into a convergent-divergent nozzle with an exit area of 1.59 times the 

throat area of 0.005 m . The inlet stagnation state is 1 MPa, 600 K. Find the 
backpressure that will cause subsonie flow throughout the entire nozzle with M 
1 at the throat. What is the mass flow rate? 


This eorresponds to ease c and is a reversible flow. 

Ag/A* = 1.59 Look at top in Table A.12 (M < 1) 

M^ = 0.4 and PJP =0.8956 

E E 0 

P^ = 0.8956 P = 0.8956 X 1000 = 896 kPa 

E 0 

To find the mass flow rate we need the throat conditions, see Table 16.1, 

* 2 

T = T ^ = 600 X 0.8333 = 500 K 


V* = RtVp* = 0.287 X 500 / 528.3 = 0.2716 m^/kg 



m 


= VkRT* = Vl.4x 0.287 X 500 X 1000 = 448.22 m/s 

* 0.005 x 448.22 , 

= A e /v = /TTtTT = 8,251 kg/s 


0.2716 



16-39 


16.46 

Air flows into a convergent-divergent nozzle with an exit area of 2.0 times the 

throat area of 0.005 m . The inlet stagnation state is 1 MPa, 600 K. Find the 
backpressure that will cause a reversible supersonie exit flow with M = 1 at the 
throat. What is the mass flow rate? 

This flow is ease d in Fig. 16.17 the only reversible supersonie flow. 

Ag/A* = 2 see Table A.12 (M> 1) 

^ M^ = 2.2 and PJP =0.09399 

E E o 

P^ = 0.09399 X 1000 = 94 kPa 

E 

To find the mass flow rate we need the throat conditions, see Table 16.1, 

* 2 

T =T^ =600 x 0.8333 = 500 K 

k 

P* = P^ = 1000 (0.833333)^-^ = 528.3 kPa 

♦ P* 528.3 , 

m = pAV = p*A*c* = p*A* '\jkRJ* 

= 3.682 X 0.005 y/l-4 x 0.287 x 500 x 1000 

= 8.252 kg/s 
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16.47 

Air is expanded in a nozzle from a stagnation state of 2 MPa, 600 K, to a static 
pressure of 200 kPa. The mass flow rate through the nozzle is 5 kg/s. Assume the 
flow is reversible and adiabatic and determine the throat and exit areas for the 
nozzle. 



/ 


* 


P =P 


O 


2 




k+1 


k-l 


* 


T = 


I ly 

2 X 0.5283 = 1.056 MPa 
2 


T X, . 

o k+l 


= 600 X 0.8333 = 500 K 


* 


V = 


RT*/P' = 0.287 X 500/1056 


= 0.1359 mAkg 


c* = VkRT' = Vl-4 X 1000 X 0.287 x 500 = 448.2 m/s 

a' = rhvV = 5 X 0.1359/448.2 = 0.00152 

PJP =200/2000 = 0.1 ^ M*= 1.701 =VV 

2 O 2 2 

Column with mach no. based on throat speed of sound. 
V 2 = 1.701 X 448.2 = 762.4 m/s 

T =T (TVT ) = 600 x 0.5176 = 310.56 K 

2 0 ^ 2 0^ 

V 2 = RT 2 /P 2 = 0.287 X 310.56/200 = 0.4456 m^/kg 
A, = rhv,/V, = 5 X 0.4456 / 762.4 = 0.00292 



16-41 


16.48 


Air at 150 kPa, 290 K expands to the atmosphere at 100 kPa through a convergent 
nozzle with exit area of 0.01 m^. Assume an ideal nozzle. What is the percent 
error in mass flow rate if the flow is assumed incompressible? 


P,k-i 


Tg = Ti (-^) k = 258.28 K 


\ll2 = hi - hg = C„ (Ti - Tg) = 1.004 (290 - 258.28) = 31.83 kJ/kg 


P 


Vg = 252.3 m/s; ^ 


RT= 0.287 X 258.28 _ 3 


100 


= 0.7412 m-^/kg 


. , 0.01 X 252.3 , 

m = AVg / Vg = Q = 3.4 kg/s 


Incompressible Flow: Vj = RT/P = 0.287 x 290/150 = 0.55487 m^/kg 


\ll2 = V AP = w (Pi - Pg) = 0.55487 (150 - 100) = 27.74 kJ/kg 
=> Vg = 235 m/s => m = AVg/Vj = 0.01 X 235/0.55487 = 4.23 kg/s 


^ incompressible 4.23 

^compressible 


= 1.25 


about 25% overestimation. 
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16.49 

A convergent-divergent nozzle has a throat diameter of 0.05 m and an exit 
diameter of 0.1 m. The inlet stagnation state is 500 kPa, 500 K. Find the back 
pressure that will lead to the maximum possible flow rate and the mass flow rate 
for three different gases as: air; hydrogen or earbon dioxide. 



A /A = (Dp/D ) = 4. There are 2 possible solutions eorresponding to points 


e and din Fig. 16.13 and Fig. 16.17. For these we have 


a) 

b) 

c) 


Subsonie solution Supersonic solution 


Mp 

E 

Pl,/P 

E 0 

Mp 

E 

P^/P 

E 0 

0.1466 

0.985 

2.940 

0.0298 

0.1464 

0.985 

2.956 

0.0293 

0.1483 

0.986 

2.757 

0.0367 


Pg = Pg = 0.985 X 500 = 492.5 kPa all cases point c 

a) ^ ^ 0.0298 X 500 = 14.9 kPa, point d 

b) Pb = Pr = ^-0293 X 500 = 14.65 kPa, point d 
e) Pb^^e^ 0.0367 x 500= 18.35 kPa, point d 
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16.50 

A nozzle is designed assuming reversible adiabatic flow with an exit Mach 
number of 2.6 while flowing air with a stagnation pressure and temperature of 2 
MPa and 150°C, respectively. The mass flow rate is 5 kg/s, and k may be assumed 
to be 1.40 and constant. Determine the exit pressure, temperature, exit area, and 
the throat area. 

From Table A. 12: M^ = 2.6 

E 

= 2.0 X 0.05012 = 0.1002 MPa 

E 

Critical properties from Table 16.1 

T* = 423.15 X 0.8333 = 352.7 K 

P* = 2.0 X 0.5283 = 1.057 MPa 

c* = y/k4 x 1000 x 0.287 x 352.7 = 376.5 m/s 

v' = RT*/P* = 0.287 X 352.7/1057 = 0.0958 m^/kg 

a' = m v' / c' = 5 X 0.0958 / 376.5 = 1.272 x lO'W 

Ag = A* (Ag/A*) = 1.272 x 10'^ x 2.896 = 3.68 x lO'^m^ 

T^ = T (T^ / T ) = 423.15 x 0.42517 = 179.9 K 

E o ^ E O'' 
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16.51 

A l-m^ insulated tank contains air at 1 MPa, 560 K. The tank is now discharged 
through a small convergent nozzle to the atmosphere at 100 kPa. The nozzle has 
an exit area of 2 x 10“^ m^. 

a. Find the initial mass flow rate out of the tank. 

b. Find the mass flow rate when half the mass has been discharged. 

a. The back pressure ratio: 

PJP , = 100/1000 = 0.1 < (P*/P L •, = 0.5283 

B ol ^ o Cm 

so the initial flow is choked with the maximum possible flow rate. 

Mg = 1 ; Pg = 0.5283 x 1000 = 528.3 kPa 

T^ = T* = 0.8333 X 560 = 466.7 K 

E 

Vg = c = VkRT* = Vl-4 x 1000 x 0.287 x 466.7 = 433 m/s 

Vg = RTVPg = 0.287 X 466.7/528.3 = 0.2535 m^/kg 
ihj = AVg/Vg = 2 X 10-5 X 433/0.2535 = 0.0342 kg/s 

b. The initial mass is 

mj = PjV/RTj = 1000 X 1/(0.287 x 560) = 6.222 kg 

with a mass at state 2 as m^ = mj/2 = 3.111 kg. 

Assume an adiabatic reversible expansion of the mass that remains in the tank. 

^2 = "" 0.5^-^ = 378.9 kPa 

^2 = = ^00 X 0.50-4 ^ 424 K 

The pressure ratio is still less than critical and the flow thus choked. 

Pb/Po 2= 100/378.9 = 0.264 < (P^Wit 
Mg = 1 ; Pg = 0.5283 x 378.9 = 200.2 kPa 

Tp = T* = 0.8333 X 424 = 353.7 K 

E 

Vg = c = VkRT* = Vl.4 x 1000 x 0.287 x 353.7 = 377 m/s 

2x10'5(377)(200.2) 

m 2 - AVgPg/RTg - 0.287(353.7) - 0-0149 kg/s 
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16.52 

Assume the same tank and eonditions as in Problem 16.51. After some flow out 
the nozzle flow changes to become subsonic. Find the mass in the tank and the 
mass flow rate out at that instant. 


The initial mass is 

mj = PjV/RTj = 1000 X 1/(0.287 x 560) = 6.222 kg 

The flow changes to subsonic when the pressure ratio reaches critical. 

PJP , = 0.5283 ^ P , = 189.3 kPa 

B o3 o3 

v/Vb = (P<,3/Pi)'^^ = (189.3/1000)°-^^'‘3 = 0.3046 
m^ = m^Vj/vB = 6.222 x 0.3046 = 1.895 kg 


Tb = Tj(Vj/Vb)^'^ = 560 X 0.3046°-4 = 348 K 
P^ = P„ = lOOkPa; = 1 

E B ’ E 

Tg = 0.8333 X 348 = 290 K ; = ^kRT^ = 341.4 m/s 


2xl0'^(341.4)(100) 

AV^P./RT. =- ^ - - = 0.0082 kg/s 


m. = 


E E' 


0.287(290) 
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16.53 

A l-m3 uninsulated tank contains air at 1 MPa, 560 K. The tank is now 
discharged through a small convergent nozzle to the atmosphere at 100 kPa while 
heat transfer from some source keeps the air temperature in the tank at 560 K. The 
nozzle has an exit area of 2 x 10“^ m^. 

a. Find the initial mass flow rate out of the tank. 

b. Find the mass flow rate when half the mass has been discharged. 

a. Same solution as in 16.52 a) 

b. From solution 16.52 b) we have m^ = mj/2 = 3.111 kg 

P^ = Pj/2 = 500 kPa ; T^ = Tj ; P^/P^ = 100/500 = 0.2 < 

The flow is choked and the velocity is: 

T^ = T* = 0.8333 X 560 = 466.7 K 

E 

Vg = c = VkRT* = Vl-4 x 1000 x 0.287 x 466.7 = 433 m/s 
Pg = 0.5283 X 500 = 264.2 kPa ; = 1 

= AV^P^/RT^ = '^8'* 


AIR 

P 
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16.54 

Assume the same tank and eonditions as in Problem 16.53. After some flow out 
the nozzle flow changes to become subsonic. Find the mass in the tank and the 
mass flow rate out at that instant. 

The initial mass is 

mj = PjV/RTj = 1000 X 1/(0.287 x 560) = 6.222 kg 

Flow changes to subsonic when the pressure ratio reaches critical. 

PJP = 0.5283 ; P = P = P„/0.5283 = 100/0.5283 = 189.3 kPa 

Bo ’ 3 0 B 

= m^P^/P^ = 1.178 kg ; 

T =T 

3 1 

= T* = 0.8333 X 560 = 466.7 K 

E 

Vg = c = VkRT* = Vl-4 x 1000 x 0.287 x 466.7 = 433 m/s 

2xl0'^(433)(189.3) 

”^3 “ “ 0.287(466.7) “ 0,01224 kg/s 
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Normal Shocks 
16.55 

The products of combustion enter a convergent nozzle of a jet engine at a total 
pressure of 125 kPa, and a total temperature of 650°C. The atmospheric pressure 
is 45 kPa and the flow is adiabatic, with a rate of 25 kg/s. Determine the exit area 
of the nozzle. 


The critical pressure: = P 2 = 125 x 0.5283 = 66 kPa > Pamb 

The flow is then choked. T 7 = 923.15 x 0.8333 = 769.3 K 

V2 = 

V 2 = 0.287 X 769.3/66 = 3.3453 m^/kg 
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16.56 

Consider the nozzle of Problem 16.47 and determine what back pressure will 
cause a normal shock to stand in the exit plane of the nozzle. This is case g in Fig. 
16.17. What is the mass flow rate under these conditions? 

We assume reversible flow up to the shock 

Table A. 12: PJP = 200/2000 = 0.1 ; = 2.1591 = M 

E o ’ E X 

Shock functions Table A. 13: M =0.5529; P/P =5.275 

y ’ y X 

P^ = P = 5.275 xP =5.275 X 200 = 1055 kPa 

By X 

in = 5 kg/s same as in Problem 16.47 since M = 1 at throat. 
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16.57 

At what Mach number will the normal shoek oeeur in the nozzle of Problem 
16.49 flowing with air if the baek pressure is halfway between the pressures at c 
and d in Fig. 16.17? 

First find the two pressures that will give exit at e and d. See solution to 16.8 a) 
Ag/A'= (Dg/DV = 4 ^ Pg = 492.5 kPa (e) 14.9 kPa (d) 

Pg = (492.5 + 14.9)/2 = 253.7 kPa 

Assume M= 2.4 ^ M =0.5231; P /P =0.54015 

^ y ’ oy ox 

A/A* = 2.4031; A/A* = 1.298 

XX ’ X y 

AJA* = (AJA*) (A /a') / (A /A*) = 4 x 1.298/2.4031 = 2.1605 

xiy t/X xy XX 

^ M^ = 0.2807; PJP =0.94675 

E ’ E oy 

Pe = (Ps/Poy) (Poy/Pox) Pqx = 0.94675 X 0.54015 x 500 = 255.7 kPa 

Repeat if = 2.5 ^ Pe = 233.8 kPa 

Interpolate to match the desired pressure => = 2,41 
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16.58 

The nozzle in Problem 16.50 will have a throat area of 0.001272 m and an exit 
area 2.896 times as large. Suppose the baek pressure is raised to 1.4 MPa and that 
the flow remains isentropic except for a normal shock wave. Verify that the shock 
mach number (M^) is close to 2 and find fhe exit mach number, the temperature 

and the mass flow rate through the nozzle. 

(a) From Table A. 12: = 2.6 

P^ = 2.0 X 0.05012 = 0.1002 MPa 

T* = 423.15 X 0.8333 = 352.7 K 
P* = 2.0 X 0.5283 = 1.057 MPa 

c* = y/l-4 x 1000 x 0.287 x 352.7 = 376.5 m/s 
v" = 0.287 X 352.7/1057 = 0.0958 m^/kg 
a' = 5 X 0.0958/376.5 = 1.272 x lO'^m^ 

A^ = 1.272 X 10'^ X 2.896 = 3.68 x lO'W 

T^ = 423.15 X 0.42517 = 179.9 K 

E 

Assume M = 2 then 

X 

M =0.57735, P /P =0.72088, AVA* = 2.896 

y ’ oy ox ’Ex 

A /A* = 1.6875, A /A* = 1.2225, 

XX ’ X y ’ 

AJA* = 2.896 X 1.2225/1.6875 = 2.098 

E y 

^ M^ = 0.293, PVP =0.94171 

E ’ E oy 

P^ = 0.94171 X 0.72088 x 2.0 = 1.357 MPa, OK 

E ’ 

T^ = 0.98298 x 423.15 = 416 K, m = 5kg/s 
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16.59 

Consider the diffuser of a supersonic aircraft flying at M = 1.4 at such an altitude 
that the temperature is -20°C, and the atmospheric pressure is 50 kPa. Consider 
two possible ways in which the diffuser might operate, and for each case calculate 
the throat area required for a flow of 50 kg/s. 

a. The diffuser operates as reversible adiabatic with subsonic exit velocity. 

b. A normal shock stands at the entrance to the diffuser. Except for the normal 
shock the flow is reversible and adiabatic, and the exit velocity is subsonic. 
This is shown in Fig. PI6.59. 

a. Assume a convergent-divergent diffuser with M = 1 at the throat. 

Relate the inlet state to the sonic state 

P^/P^ = 0.31424 ; P*/P^^ = 0.5283 

* 0.5283 * 0.8333 

P = Q 3^424 ^ kPa ; T = q 7 ^ 339 ; 253.2 = 293.7 K 

c*=VkRT* =y/k4 x 1000 x 0.287 x 293.7 = 343.5 m/s 

V* = RT*/P* = 0.287 X 293.7/84 = 1.0035 m^/kg 

A* = ihv*/c* = 50 X 1.0035/343.5 = 0.1461 
b. Across the shock we have 

M =0.7397; P = 50 x 2.12 = 106 kPa ; 

y y 

T =253.2 X 1.2547 = 317.7 K 

y 

* 0.5283 

P = Q ^952 ^ ^ 

* 0 8333 * 

T =^^^^x 317.7 = 293.7 K, c =343.5 m/s 

v' = 0.287 X 293.7/80.6 = 1.0458 m^/kg 
a' = 50 X 1.0458/343.5 = 0.1522 
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16.60 

Consider the nozzle in problem 16.42 flowing air. What should the backpressure 
be for a normal shock to stand at the exit plane? This is case g in Fig. 16.17. What 
is the exit velocity after the shock? 


Reversible flow up to the shock with M = 1 at the throat. 


P =P, T =T, AJA* = 175/ 100= 1.75 

X 0 0 X0 0 E 

Table A.12: M^ = M =2.042, P/P =0.12, T/T =0.5454 

E X ’xxo ’xxo 

Now we can do the normal shock from Table A. 13 


M =2.042 ^ M =0.5704, P/P =4.6984, T/T =1.7219 

X y ’ y X ’ y X 

T = 1.7219 T = 1.7219 xO.5454 T = 1.7219 x 0.5454 x 375 = 352.2 K 

y X X 0 


P = 4.6984 P = 4.6984 X 0.12 P = 4.6984 x 0.12 x 1000 = 563.8 kPa 

y X X 0 

Vy = My Cy = My y = 0.5704 Vl-4 x 0.287 X 352.2 X 1000 

= 0.5704 X 376.2 = 214.6 m/s 
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Nozzles, Diffusers, and Orifices 
16.61 

Air is expanded in a nozzle from 700 kPa, 200°C, to 150 kPa in a nozzle having 
an effieieney of 90%. The mass flow rate is 4 kg/s. Determine the exit area of the 
nozzle, the exit veloeity, and the inerease of entropy per kilogram of air. Compare 
these results with those of a reversible adiabatic nozzle. 


^28 " = 473.2 (150/700)^-2^^ = 304.6 K 

V 2 / = 2 X 1000 X 1.004(473.2 - 304.6) = 338400 J/kg 
= 0.9 X 338400 ^ V 2 = 552 m/s 
h, + v 2/2 = h, ^ T = T, - ylnc 

2 2 1 2 1 2 p 

= 473.2 - 5522/(2 x 1000 x 1.004) = 321.4 K ; 

V 2 = 0.287 X 321.4/150 = 0.6149 m3/kg 
A = 4 X 0.6149/552 = 0.00446 m^ = 4460 mm^ 



= 1.0035 In 


r321.4 


473.2 




V 


- 0.287 In 


J 


ri5o 


700 


A 


V 


y 


= 0.0539 kJ/kg K 



16-55 


16.62 


Repeat Problem 16.43 assuming a diffuser efficieney of 80%. 
Same as problem 16.43, exeept 


rip, = 0.80. We thus have from 16.43 


^ 3-^1 

h - h 

ol 1 


h 3 -261.48 
300.07 -261.48 


01 


= 0.8 


^ 63 = 292.35 kJ/kg, 13 = 291.9 K 

P„2 = P3 = I’. (Tj/T, 

= 40(291.9/261.15)^-^ = 59.06 kPa 


T =T = 299.7 K 

o2 ol 


h 2 = 300.07 - 100^/2000 = 295.07 kJ/kg 


T 2 = 294.7 K, 


Po=P 


o2 


= 59.06 X (294.7/299.7)^-^ = 55.68 kPa 


V 2 = 0.287 X 294.7/55.68 = 1.519 m%kg 

A 1 /A 2 = (Vj/v 2 )(V 2 /Vj) = (1.874/1.519) (100/277.8) = 0.444 


02 
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16.63 

Air enters a diffuser with a velocity of 200 m/s, a static pressure of 70 kPa, and a 
temperature of-6°C. The velocity leaving the diffuser is 60 m/s and the static 
pressure at the diffuser exit is 80 kPa. Determine the static temperature at the 
diffuser exit and the diffuser efficiency. Compare the stagnation pressures at the 
inlet and the exit. 


Tqi = + V^/2Cp = 267.15 + 200^/(2000 x 1.004) = 287.1 K 


T = T 

o2 ol 

T . - T. 

ol 1 


T =T 

2 o2 


- V^/2Cp = 287.1 - 60^/(2000 x 1.004) = 285.3 K 


T 


1 


k-l ^oi ~ ^1 

k 


P , - P = 18.25 

ol 1 


P , = 88.3 kPa 

ol 


^o2 ■ "*"2 k-l ^o2 ■ ^2 


T 


k 


P 


P ^ - P = 1.77 

o2 2 


P =81.8kPa 

o2 


= Tj = 267.15 X 1.0454 = 279.3 K 





279.3 -267.15 
287.1 -267.15 


0.608 
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16.64 

Steam at a pressure of 1 MPa and temperature of 400°C expands in a nozzle to a 
pressure of 200 kPa. The nozzle efficiency is 90% and the mass flow rate is 10 
kg/s. Determine the nozzle exit area and the exit velocity. 

First do the ideal reversible adiabatic nozzle 

s^ = Sj= 7.4651 kJ/kg K, hj= 3263.9 kJ/kg 

^ T2^=190.4°C; h^^ = 2851 kJ/kg 

Now the actual nozzle can be calculated 

hi - h^^^ = Tijhi - h^^) = 0.9(3263.9 - 2851) = 371.6 kJ/kg 

= 2892.3 kJ/kg, = 210.9°C, V 2 = 1.1062 m^/kg 
V 2 = ^2000(3263.9 - 2892.3) = 862 m/s 
A 2 = mv2/V2 = 10 X 1.1062/862 = 0.01283 
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16.65 

A sharp-edged orifice is used to measure the flow of air in a pipe. The pipe 
diameter is 100 mm and the diameter of the orifice is 25 mm. Upstream of the 
orifice, the absolute pressure is 150 kPa and the temperature is 35°C. The 
pressure drop across the orifice is 15 kPa, and the coefficient of discharge is 0. 
Determine the mass flow rate in the pipeline. 


AT = T. 


1 


riM'^ 

V k y 


AP 


P. 


= 308.15 X 


0.4 15 


X 


1.4 150 


= 8.8K 


1 


V. = RT./P. = 0.5896 m^/kg 
111 ® 

P = 135 kPa, T = 299.35 K, v = 0.6364 m^/kg 

Q Q Q 

rii. = rii ^ V. / V = (D /D.)2 v./v = 0.0579 

1 e 1 e ^ e r 1 e 

h. - h = V2(l - 0.0579V2 = C (T. - T ) 

1 e 1 e 

V =a/2 x 1000 X 1.004 X 8.8/(1 -0.0579)2= 133.1 

6 S 

m = Cd AV/v = 0.62 (7 r/4) (0.025)^ 133.1 / 0.6364 = 0.06365 kg/s 
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16.66 

A critical nozzle is used for the accurate measurement of the flow rate of air. 
Exhaust from a oar engine is diluted with air so its temperature is 50°C at a total 
pressure of 100 kPa. It flows through the nozzle with throat area of 700 mm^ by 
suction from a blower. Find the needed suction pressure that will lead to critical 
flow in the nozzle and the mass flow rate. 


P* = 0.5283 P = 52.83 kPa, t" = 0.8333 T = 269.3 K 

O ’ 0 

v' = RT*/P* = 0.287 X 269.3/52.83 = 1.463 m^/kg 

0* =y/kRT' =y/l-4 x 1000 x 0.287 x 269.3 = 328.9 m/s 
m = Ac V = 700 X 10'^ x 328.9/1.463 = 0.157 kg/s 
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16.67 

Steam at 800 kPa, 350°C flows through a convergent-divergent nozzle that has a 
throat area of 350 mm^. The pressure at the exit plane is 150 kPa and the exit 
velocity is 800 m/s. The flow from the nozzle entrance to the throat is reversible 
and adiabatic. Determine the exit area of the nozzle, the overall nozzle efficiency, 
and the entropy generation in the process. 

h^j = 3161.7 kJ/kg, s^j = 7.4089 kJ/kg K 

P*/P^j = (2/(k+l))^<^^‘^) = 0.54099 ^ P* = 432.7 kPa 
At*: (P*,s* = s^j) ^ h* = 2999.3 kJ/kg, V* = 0.5687 m^/kg 

Ah = V^/2 ^ V* =^2000(3161.7-2999.3) = 569.9 m/s 
m = AVV = 350 X 10 '^ x 569.9/0.5687 = 0.3507 kg/s 
h = h , - v2/2 = 3161.7 - 800^/2 x 1000 = 2841.7 kJ/kg 

e ol e ^ 

Exit: Eg, h^: v^ = 1.395 m^/kg, s^ = 7.576 kJ/kg K 
A =rhv /V = 0.3507 x 1.395/800 = 6.115 x 10'^ 

e e e 

s = s - s = 7.576 - 7.4089 = 0.167 kJ/kg K 

gen e ol ® 
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16.68 

Steam at 600 kPa, 300°C is fed to a set of convergent nozzles in a steam turbine. 
The total nozzle exit area is 0.005 m^ and they have a discharge coefficient of 
0.94. The mass flow rate should be estimated from the measurement of the 
pressure drop across the nozzles, which is measured to be 200 kPa. Determine the 
mass flow rate. 


Inlet B.1.3 h. = 3061.6 kJ/kg, Sj = 7.3724 kJ/kg K 

Exit: (P , s ) P = P, - 200 = 400 kPa, s = s. = 7.3724 kJ/kg K 

^ e 6,8-^ e 1 ’ e,s 1 ^ 

^ h =2961 kJ/kg and v = 0.5932 m^/kg, 

V =V2 x 1000(3061.6 -2961) = 448.55 m/s 

e,s 

m = AV /v = 0.005 x 448.55/0.5932 = 3.781 kg/s 

s e,s e,s ^ 

m = Cp,m = 0.94 x 3.781 = 3.554 kg/s 

a D s ® 
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16.69 

A convergent nozzle is used to measure the flow of air to an engine. The 
atmosphere is at 100 kPa, 25°C. The nozzle used has a minimum area of 2000 
mm2 and the coeffieient of discharge is 0.95. A pressure difference across the 
nozzle is measured to 2.5 kPa. Find the mass flow rate assuming incompressible 
flow. Also find the mass flow rate assuming eompressible adiabatie flow. 

Assume V. ^0, v. = RT./P. = 0.287 x 298.15/100 = 0.8557 m^/kg 

1 ’ 1 1 1 ® 

V 2/2 = h.-h =v.(P.-P ) = 2.1393 kJ/kg 

e,s 1 e,s 1 q' ® 

V =V2 x 1000 x 2.1393 = 65.41 m/s 

e,s 

rii =AV /v. = 2000 X 10-^x 65.41/0.8557 = 0.153 kg/s 

s e,s 1 ^ 

m = C„m =0.1454 kg/s 

a D s ® 

T = T. (P = 298.15(97.5/100)°-2^^2 = 296 K 

69S 1 61 

Ah = C AT = 1.0035 X 2.15 = 2.1575 = V ^/2 

P _ e,s 

V =\l2 x 1000 x 2.1575 = 65.69 m/s 

e,s 

V = 0.287 X 296/97.5 = 0.8713 m^/kg 

e,s 

m = AV /v = 2000 x lO'^^ x 65.69/0.8713 = 0.1508 kg/s 

s e,s e,s ® 

m = C^rh = 0.1433 kg/s 

a D s ® 
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16.70 

The coefficient of discharge of a sharp-edged orifice is determined at one set of 
conditions by use of an accurately calibrated gasometer. The orifice has a 
diameter of 20 mm and the pipe diameter is 50 mm. The absolute upstream 
pressure is 200 kPa and the pressure drop across the orifice is 82 mm of mercury. 
The temperature of the air entering the orifice is 25°C and the mass flow rate 
measured with the gasometer is 2.4 kg/min. What is the coefficient of discharge 
of the orifice at these conditions? 

AP = 82 X 101.325/760 = 10.93 kPa 

fk-13 0 4 

AT = T. -j- AP/P. = 298.15 xT^x 10.93/200 = 4.66 

1V k y 1 1.4 

V, = RT./P. = 0.4278 m^/kg, v = RT/P = 0.4455 m^/kg 

111 Q Q Q 

V. = VAv./A.v = 0.1536 V 

1 e e 1 1 e e 

(V^ - \^)/2 = \\\ - 0.1536V2 = h. - h = C AT 

^ e K 1 e p 

V =a/2 x 1000 X 1.004 x 4.66/(1 - 0.1536^) = 97.9 m/s 

Q 

m = AV/v =fx 0.02^ x 97.9/0.4455 = 0.069 kg/s 

Q Q Q ^ 

Cp = 2.4/60 X 0.069 = 0.58 
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16.71 


A convergent nozzle with exit diameter of 2 cm has an air inlet flow of 20°C, 101 
kPa (stagnation conditions). The nozzle has an isentropie efficieney of 95% and the 
pressure drop is measured to 50 em water eolumn. Find the mass flow rate 
assuming compressible adiabatic flow. Repeat calculation for incompressible flow. 


Convert AP to kPa: 

AP = 50 em H^O = 0.5 x 9.8064 = 4.903 kPa 


Tq = 20°C = 293.15 K 


Pq= 101 kPa 


Assume inlet V. = 0 

1 


P = - AP = 101 - 4.903 = 96.097 kPa 

e 0 


p,k-i 


96.097 n 

T, = Tq (^) k = 293.15 = 289.01 


\^/2 = h. - h = C (T. - T ) = 1.004 x (293.15 - 289.01) 

e 1 e p ^ 1 ^ ^ 


= 4.1545 kJ/kg = 4254.5 J/kg 


=> V =91.15 m/s 

e 


V ^ /2 = Ti V 2 /2 = 0.95 X 4154.5 = 3946.78 

e ac ‘ e s 


V = 88.85 m/s 

e ac 


T =T.-^7^ = 293.15 = 289.2 K 

eac 1 C 1.0035 

P 


P 


96.097 


P 


e ac RTp 0.287 X 289 


~= 1.158 kg/m 


m = pAV = 1.158 X ^ X 0.02^ x 88.85 = 0,0323 kg/s 
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Review Problems 


16.72 


At what Mach number will the normal shoek oeeur in the nozzle of Problem 
16.47 if the baek pressure is 1.4 MPa? (trial and error on M ) 

X 

Relate the inlet and exit eonditions to the shock conditions with reversible 
flow before and after the shock. It becomes trial and error. 


Assume M =1.8 

X 


M =0.6165; P /P =0.8127 

y ’ oy ox 


AJA' = AAA* = 0.002435/0.001516 = 1.6062 

Ex 2 

A^/A*^ = 1.439 ; A^/A*^ =1.1694 

AAA* = (AAA*)(A /A*)/(A /A*) = = 1.3053 

E y ^ E x^^ X y^ ^ X yJ [A5y 


M^ = 0.5189 ; PAP =0.8323 

E ’ E oy 


P^ = (PAP )(P /P )P = 0.8323 X 0.8127 X 2000= 1353 kPa <1.4 MPa 

E ^ E oy^ ^ oy ox^ ox 

So seleet the maeh number a little less 


M =1.7 

X 


M =0.64055; P /P =0.85573 

y ’ oy ox 


A /A* = 1.3376 ; A /A* = 1.1446 

XX ’ X y 

Ap/A* = (Ap/A*)(A /A*)/(A /A*) = 

E y ^ E x^^ X y^ ^ X x^ 


1.6062(1.1446 

1.3376 


= 1.3744 


^ Mp = 0.482 ; ?JP = 0.853 

E ’ E oy 

Pp = (Pp/P )(P /P )P = 0.853 X 0.85573 x 2000 = 1459.9 kPa 

E ^ E oy^ ^ oy ox^ ox 

Now interpolate between the two 

M = 1.756 ^ M =0.6266; P /P =0.832 

X y ’ oy ox 

A /A* = 1.3926 ; A /A* = 1.1586 

XX ’ X y 

Ap/A* = 1.6062 X 1.1586/1.3926 = 1.3363 

E y 

^ Mp = 0.5 ; Pp/P = 0.843 

E ’ E oy 

Pp = 0.843 X 0.832 x 2000 = 1402.7 kPa OK 

E 
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16.73 

Atmospheric air is at 20°C, 100 kPa with zero velocity. An adiabatic reversible 
compressor takes atmospheric air in through a pipe with cross-sectional area of 
0.1 m2 at a rate of 1 kg/s. It is compressed up to a measured stagnation pressure of 
500 kPa and leaves through a pipe with cross-sectional area of 0.01 m^. What are 
the required compressor work and the air velocity, static pressure, and 
temperature in the exit pipeline? 

C.V. compressor out to standing air and exit to stagnation point. 

ih h . + W? = ih(h + V^/2) = ihh 

ol c ^ ^ex o,ex 

rhs = ihs ^ P = P 1 

ol o,ex r,o,ex r,ol 

(P^ /P ,)= 1.028(500/100) = 5.14 

St^CX Ol 

^ T = 463 K, h = 465.38 kJ/kg, h , = 209.45 kJ/kg 

o,ex ’ o,ex ol ^ 

W = ih(h - h ,) = 1(465.38 - 209.45) = 255.9 kW 

c ^ o,ex oF ^ ^ 

P =P (T /T T =T -V^/2C 

ex o,ex^ ex o,ex^ ex o,ex ex p 

rh = 1 kg/s = (pAV) = P AV /RT 

o vr /gx ex ex ex 

Now select 1 unknown amongst P , T , V and write the continuity eq. ih 

^ ex’ ex’ ex ^ i 

and solve the nonlinear equation. Say, use T then 

6X 

V =a/2C (T -T ) 

ex \j o,ex ex^ 

ih=lkg/s = P (T /T Ay lie (T -T )/RT 

® o,ex^ ex o,ex^ \l p^ o,ex ex^ ex 

solve for T /T (close to 1) 

ex o,ex ^ ^ 

T = 462.6 K ^ V =28.3 m/s, P = 498.6 kPa 

ex ex ’ ex 
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Solution using the Pr or vr functions 
16.43 

A jet plane travels through the air with a speed of 1000 km/h at an altitude of 6 
km, where the pressure is 40 kPa and the temperature is -12°C. Consider the inlet 
diffuser of the engine where air leaves with a veloeity of 100 m/s. Determine the 
pressure and temperature leaving the diffuser, and the ratio of inlet to exit area of 
the diffuser, assuming the flow to be reversible and adiabatie. 


V = 1000 km/h = 277.8 m/s, Vj =^'= ^ 1.874 m^/kg 

hj =261.48 kJ/kg, = 0.6862 

h^j = 261.48 + 277.8^/2000 = 300.07 kJ/kg 

^ T = 299.7 K, P , = 1.1107 

ol ’ rol 

The ratio of the pressures equals the ratio of the Pr functions when s = constant 

P=PP ,/P=40 x 1.1107/0.6862 = 64.74 kPa 

ol rol rl 

h =300.07 - 100^/2000 = 295.07 ^ T= 294.7 K, P = 1.0462 

2 2 ’ r2 

P^ = 64.74 X 1.0462/1.1107 = 61 kPa 

V 2 = 0.287 X 294.7/61 = 1.386 m^/kg 

A/A^ = (Vj/v^XV^/Vj) = (1.874/1.386)(100/277.8) = 0.487 
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16.62 

Repeat Problem 16.43 assuming a diffuser efficieney of 80%. 

Same as problem 16.43, exeept 
Pp = 0.80. We thus have from 16.43 h 

h3-261.48 

h , - h "300.07 -261.48"^-^ 

ol 1 

^ 63 = 292.35 kJ/kg, P ^3 = 1.0129 
P = P = 40 X 1.0129/0.6862 = 59.04 kPa 

o2 3 

Pro 2 ^ Prol ^ 1-1107 
h 2 = 300.07 - 100^/2000 = 295.07 kJ/kg ^13 = 294.7 K, = 1-0462 
P 2 = Po2 Pr2 / Pro2 = 59.04 X 1.0462/1.1107 = 55.6 kPa 

V 2 = 0.287 X 294.7/55.6 = 1.521 m^/kg 
A 1 /A 2 = (1.874/1.521) (100/277.8) = 0.444 
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Sonntag, Borgnakke and van Wylen 


Stagnation properties 
16.74 

Steam leaves a nozzle with a velocity of 800 ft/s. The stagnation pressure is 100 

'y 

Ibf/in , and the stagnation temperature is 500 F. What is the static pressure and 
temperature? 

h = h , - \^J2g = 1279.1 - - X 778 = 1266.3 

1 oi 1 2 X 32.174 Ibm 

Sj = Sq = 1.7085 Btu/lbm R 

(h, s) Computer table ^ = 88 Ibf/in,^, T = 466 F 




Sonntag, Borgnakke and van Wylen 


16.75 

Air leaves the eompressor of a jet engine at a temperature of 300 F, a pressure of 

o 

45 Ibf/in , and a veloeity of 400 ft/s. Determine the isentropie stagnation 
temperature and pressure. 

hoi - hi = Vj/2go = 400^/2 x 32.174 x 778 = 3.2 Btu/lbm 
T , - T - 1 = (h , - h,)/C = 3.2/0.24 = 13.3 

ol ^ ol P 

T = T + AT = 300 + 13.3 = 313.3 F = 773 R 

ol 

Pol = Pi (T^/Ti^k-I = 45(773/759.67)^-^ = 47.82 Ibf/in^ 
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16.76 

A meteorite melts and bum up at temperatures of 5400 R. If it hits air at 0.75 
Ibf/in. , 90 R how high a veloeity should it have to reaeh sueh temperature? 

Assume we have a stagnation T = 5400 R 

h, + Vf/2 = h^ 

1 1 stagn. 

Extrapolating from table F.5, = 1515.6, h^ = 21.4 Btu/lbm 

Vj/2 = 1515.6-21.4= 1494.2 Btu/lbm 
Vj = V2 X 32.174 X 778 x 1494.2 = 8649 ft/s 





Sonntag, Borgnakke and van Wylen 


Momentum Equation and Forces 


16.77 

9 9 

A jet engine reeeives a flow of 500 ft/s air at 10 Ibf/in. , 40 F inlet area of 7 ft 
with an exit at 1500 ft/s, 10 Ibf/in. , 1100 R. Find the mass flow rate and thrust. 


in = pAV; ideal gas p = P/RT 


m = (P/RT)AV 


10 X 144 
53.34 X 499.7 


X 7 X 500 = 189.1 Ibm/s 


F =m(V -V. )= 189.1 X (1500 -500)/32.174 =5877 Ibf 

net ^ ex in^ ^ ^ 


Inlet High P Low P exit 



The shaft must have axial load bearings to transmit thrust to aireraft. 
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16.78 

A water turbine using nozzles is loeated at the bottom of Hoover Dam 575 ft 
below the surfaee of Lake Mead. The water enters the nozzles at a stagnation 
pressure eorresponding to the eolumn of water above it minus 20% due to 
frietion. The temperature is 60 F and the water leaves at standard atmospherie 
pressure. If the flow through the nozzle is reversible and adiabatie, determine the 
veloeity and kinetie energy per kilogram of water leaving the nozzle. 

AP = = g(AZ/v)/g^ = 575/(0.016035 x 144) = 249 Ibf/in.^ 

AP = 0.SAP = 199.2 Ibf/in.^ and Bernoulli vAP = V ^/2 

ac ex 

V = y/2vAP = y/2gAZ = a/2^02T74^^^ = 192.4 ft/s 

6X 

V V2 = vAP = gAZ/g = 575/778 = 0.739 Btu/lbm 

6X C 
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Velocity of Sound 
16.79 

Find the speed of sound for air at 15 lbf/in.2, at the two temperatures of 32 F and 
90 F. Repeat the answer for carbon dioxide and argon gases. 

From eq. 16.28 we have 

C 32 = = y/l.dx 32.174 x 53.34 x 491.7 = 1087 ft/s 


C 90 = Vl-4 X 32.174 X 53.34 x 549.7 = 1149 ft/s 
For Carbon Dioxide: R = 35.1, k= 1.289 

^2= ^ 

Jl.289 X 32.174 x 35.1 x 491.7 = 846 ft/s 

0 

0 

II 

'1.289 X 32.174 x 35.1 x 549.7 = 894.5 ft/s 

For Argon: R 

= 38.68, k= 1.667 

= 'N 

Jl.667 X 32.174 x 38.68 x 491.7 = 1010 ft/s 

32 


Cgg = a/ 1-667 X 32.174 x 38.68 x 549.7 = 1068 ft/s 
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Flow Through Nozzles, Shocks 

16.80 

Air is expanded in a nozzle from 300 lbf/in.2, 1100 R to 30 Ibf/in.^. The mass 
flow rate through the nozzle is 10 Ibm/s. Assume the flow is reversible and 
adiabatie and determine the throat and exit areas for the nozzle. 




= 300 x 0.5283 = 158.5 lbf/in.2. 


T* = T^x 2/(k+l) = 1100 X 0.8333 = 916.6 R 

V* = RTVp* = 53.34 X 916.6/(158.5 x 144) 

= 2.1421 ftMbrn 


e* = y/kRT* = •\/l-4 x 32.174 x 53.34 x 916.6 = 1484 ft/s 

A* = ihvVe* = 10 X 2.1421/1484 = 0.0144 ft^ 

P,/P =30/300 = 0.1 TableA.il ^ M* = 1.701 = VJe* 

2 o 2 2 

¥2 = 1.701 X 1484 = 2524 ft/s 
T^ = 916.6 x 0.5176 = 474.4 R 

V 2 = RT 2 /P 2 = 53.34 X 474.4/(30 x 144) = 5.8579 ftMbm 
A 2 = = 10 X 5.8579 / 2524 = 0.0232 ft^ 
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16.81 


A jet plane travels through the air with a speed of 600 mi/h at an altitude of 

20000 ft, where the pressure is 5.75 Ibf/in. and the temperature is 25 F. Consider 
the diffuser of the engine where air leaves at with a velocity of 300 ft/s. 
Determine the pressure and temperature leaving the diffuser, and the ratio of inlet 
to exit area of the diffuser, assuming the flow to be reversible and adiabatic. 


V = 600 mi/h = 880 ft/s 

Vi = 53.34 X 484.67/(5.75 x 144) = 31.223 ftMbm, 
hj = 115.91 Btu/lbm, 

hoi = 115.91 + 8802/(2 X 32.174 x 778) = 131.38 Btu/lbm 

Table F.5 ^ T = 549.2 R, 

ol ’ 

Pq! = Pj = 5.75 X (549.2/484.67)^-^ = 8.9 ibf/in.^ 

h 2 = 131.38 - 300^/(2 x 32.174 x 778) = 129.58 Btu/lbm 
T 2 = 542 R, => 

P 2 = P^i = 8.9 X (542/549.2)^-^ = 8.5 Ibf/in.^ 

V 2 = 53.34 X 542/(8.5 x 144) = 23.62 ftMbm 

A 1 /A 2 = (Vj/v 2 )(V 2 /Vj) = (31.223/23.62)(300/880) = 0.45 
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9 9 

A convergent nozzle has a minimum area of 1 ft and receives air at 25 Ibf/in. , 

1800 R flowing with 330 ft/s. What is the back pressure that will produee the 

maximum flow rate and find that flow rate? 

^ 1 
P 2 A. 

^ ^ 0.528 Critieal Pressure Ratio 

0 


Find P^: = (463.445 - 449.794)750 = 0.273 from table C.6 

K = K+ V?/2 ^ T = T. + v2/2C„ 

011 0 1 P 


'3'3n2/2 

^0 =1800 + 32.174 X 778 X 0.273 = = 0.8333 = 1506.6 R 

Pq = P. = 25 X (1807.97/1800)+^ = 25.39 Ibf/in.^ 

P* = 0.528 P = 0.528 x 25.39 = 13.406 Ibf/in^ 

O 



P 


* 


13.406 X 144 


RT* 53.34 X 1506.6 


= 0.024 Ibm/ft^ 


= k/kRT* = Vl.4 x 53.34 X 1506.6 x 32.174 = 1902.6 ft/s 


rh = pAV = 0.024 x 1 x 1902.6 = 45.66 Ibm/s 
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The products of combustion enter a nozzle of a jet engine at a total pressure of 18 

Ibf/in. , and a total temperature of 1200 F. The atmospheric pressure is 6.75 

Ibf/in. . The nozzle is convergent, and the mass flow rate is 50 Ibm/s. Assume the 
flow is adiabatic. Determine the exit area of the nozzle. 

Pcrit = P 2 = 18 X 0.5283 = 9.5 Ibf/in.^ > P^^^^ 

The flow is then choked. 

T 2 = 1660 x 0.8333 = 1382 R 

¥2 = 02 = Vl-4 x 32.174 X 53.34 X 1382 = 1822 ft/s 

V 2 = 53.34 X 1382/9.5 x 144 = 53.9 ftMbm 

A = in vJ V = 50 X 53.9/1822 = 1.479 ft^ 
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A 50-ft3 uninsulated tank contains air at 150 Ibf/in.^, 1000 R. The tank is now 

discharged through a small convergent nozzle to the atmosphere at 14.7 Ibf/in. 
while heat transfer from some source keeps the air temperature in the tank at 

1000 R. The nozzle has an exit area of 2 x 10“^ 

a. Find the initial mass flow rate out of the tank. 

b. Find the mass flow rate when half the mass has been discharged. 

c. Find the mass of air in the tank and the mass flow rate out of the tank 
when the nozzle flow changes to become subsonic. 



PJP = 14.7/150 = 0.098 < (P/P )•, = 0.5283 

Bo ^ o cnt 

a. The flow is choked, max possible flow rate 

=1 ; P^ = 0.5283 x 150 = 79.245 Ibf/in.^ 


* 


T^ = T = 0.8333 X 1000 = 833.3 R 

E 

Vg = c = VkRT* = Vk4^^5334^^8333^02T^ = 1415 ft/s 
Vg = RtVp^ = 53.34 X 833.3/(79.245 x 144) = 3.895 ftMbm 

Mass flow rate is : m, = AV^/v^ = 2 x 10'^ x 1415/3.895 = 0,0727 Ibm/s 

1 C/ C/ 

b. m^ = PjV/RTj = 150 X 50 X 144/53.34 x 1000 = 20.247 Ibm 


m^ = = 10.124 Ibm, P^ = Pj/2 = 75 Ibf/in.^ ; 


T =T 
2 1 


Pg/P2= 14.7/75 = 0.196 < (P /P„)crit 

The flow is choked and the velocity is the same as in a) 

P^ = 0.5283 X 75 = 39.623 Ibf/in.^ ; =1 

C/ h 

2 X lO''^ X 1415 X 39.623 X 144 . 

m, = AVpPp/RT„ =- TTTa —fnAn- = 0,0303 Ibm/s 

2 E E E 53.34 X 1000 

c. Flow changes to subsonic when the pressure ratio reaches critical. 


PJP =0.5283 P= 27.825 lbf/in.2 

Bo 3 

m^ = m^P^/Pj = 3,756 Ibm ; T 2 = Tj 


V^ = 1415 ft/s 

E 


^3 ^^E^E^^"*"e 


2 X lO''^ X 1415 X 27.825 x 144 


= 0,02125 Ibm/s 


53.34 X 1000 
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Nozzles, Diffusers and Orifices 
16.85 

Repeat Problem 16.81 assuming a diffuser effieieney of 80%. 


From solution to 16.81 

hj = 115.91 Btu/lbm, = 31.223 ftMbm 

h„i = 115.91 + 8802/(2 X 32.174 x 778) 

= 131.38 Btu/lbm 

Table F.5 ^ T = 549.2 R, 

ol ’ 



Tip = (h 3 - hp/(h^j - hp = 0.8 ^ h 3 = 128.29 Btu/lbm, T 3 = 536.29 R 

Po 2 = P 3 = Pj (T 3 /Tj)’^^'"- 1 ) = 5.75 X (536.29/484.67)^-^ = 8.194 Ibf/in.^ 

T = T = 549.2 R 

o2 ol 

h 2 = 131.38 - 3002/(2 x 32.174 x 778) = 129.58 Btu/lbm 


T 2 = 542 R, => 



^02 = 8.194 X (542/549.2)3- 


53.34 X 542 ^ 3 ,,, 

^2 7.824 X 144 


= 7.824 lbf/in.2 


A/A^ = VjV 2 /v 2 Vj = 31.223 x 300/(25.66 x 880) = 0.415 
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Air enters a diffuser with a veloeity of 600 ft/s, a statie pressure of 10 Ibf/in. , and 
a temperature of 20 F. The veloeity leaving the diffuser is 200 ft/s and the statie 

pressure at the diffuser exit is 11.7 Ibf/in. . Determine the statie temperature at 
the diffuser exit and the diffuser effieieney. Compare the stagnation pressures at 
the inlet and the exit. 

2 


V 


T , =T. + 


ol 


1 


X—^ = 480 + 6002/(2 X 32.174 x 778 x 0.24) = 510 R 

p 


T = T 

o2 ol 


T = T , - V^/2C = 510 - 2007(2 x 32.174 x 0.24 x 778) = 506.7 R 


2 o2 2 p 

'^2 k-1 ^o2 ■ ^2 


T 


k P 


P - P = 0.267 

o2 2 


P = 11.97 lbf/in.2 

o2 


T = T, (P ,/P,)^'"-^)^'" = 480 X 1.0528 = 505.3 R 

ex,s 1 ^ o2 F 


ft 


D 


T -T, 

ex,s 1 

T , - T, 

ol 1 


505.3 -480 
51-480 


= 0.844 
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A convergent nozzle with exit diameter of 1 in. has an air inlet flow of 68 F, 14.7 

Ibf/in.^ (stagnation eonditions). The nozzle has an isentropie effieieney of 95% 
and the pressure drop is measured to 20 in. water eolumn. Find the mass flow rate 
assuming eompressible adiabatie flow. Repeat ealeulation for ineompressible 
flow. 

Convert AP to Ibf/in^ 

AP = 20 in H^O = 20 x 0.03613 = 0.7226 Ibf/in^ 

Tq = 68 F = 527.7 R P^ = 14.7 Ibf/in^ 

Assume inlet V. = 0 P = P^ - AP = 14.7 - 0.7226 = 13.977 Ibf/in^ 

1 e 0 

T = T„ (^)¥ = 527.7 = 520.15 R 

e 0 ^ 14.7 ^ 


\^I2 = h. - h = C (T. - T ) = 0.24 x (527.7 - 520.15) = 1.812 Btu/lbm 

e 1 e p ^ 1 ^ ^ 

V 2 /2 = p y^n = 0.95 X 1.812 = 1.7214 Btu/lbm 

e ac ‘ e 

^ V = V2 x 32.174 X 1.7214 x 778 = 293.6 ft/s 

e ac ^ 


T =T. - 

e ac 1 


V ^ /2 1 79 14 

®= 527.7 - = 520.53 R 


C 


0.24 


P 


13.977 X 144 


P 


eac RT 53.34 x 520.53 

e ac 


= 0.07249 Ibm/ft^ 


1 


m = 


pAV = 0.07249 X IX x 293.6 = 0.116 Ibm/s 


P 


Ineompressible: p. 


0 


14.7 X 144 


RTq 53.34 X 527.7 


= 0.0752 Ibm/ft^ 


\^/2 = V. (P, - P ) = — = = 1.7785 Btu/lbm 

e 1^1 


Pi 


0.0752 X 778 


V 2 /2 = u \^/2 = 0.95 X 1.7785 = 1.6896 Btu/lbm 

e ac ' e 

V = V2 x 32.174 X 1.6896 x 778 = 290.84 ft/s 

e ac ^ 

m = pAV = 0.0752 x | x x 290.84 = 0.119 Ibm/s 

















